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Abstract 
Relationship between Carbon Electrode Materials and 
Electrolytes in Capacitive Energy Storage 
Katherine Louise Van Aken 
Advisor: Prof. Yury Gogotsi 
 
 This dissertation aims to explore the relationship between the electrolyte and 
electrodes in capacitive energy storage systems. Specifically, ionic liquid electrolytes were 
investigated for their performance in different carbon electrode-based supercapacitors. 
First, the effect of cation size on capacitive performance was observed with onion-like 
carbon electrodes, which suggests that choosing the right ionic liquid is important for 
optimizing the system. Additionally, it was shown that ionic liquids have a limited potential 
window due to the asymmetric performance between the two ions. This can be corrected 
by simply mixing two ionic liquids together at the correct ratio, expanding the operating 
window by 1 V and therefore the energy density. This concept of ionic liquid mixtures was 
also applied to more complex porous carbon electrode materials. By mixing two ionic 
liquids with different sized cations, the rate performance of a porous carbon material can 
be improved, taking advantage of the larger ion at low rates and the smaller ion at high 
rates. The same increase in potential window was shown for the porous carbon as well, 
suggesting that mixing ionic liquids can improve the performance of many different types 
of carbon electrodes. Finally, this method of mixing ionic liquids was applied to the 
development of a model for predicting the ideal mixture concentration for a given carbon 
materials, specific to its pore size distribution and surface area. The model suggests that by 
adding 0.1 mole fraction of a smaller anion, the capacitance of the system could be 
increased by 30%. It can also be extended to different ionic liquids with different sized 
xxiii 
 
ions. When experimentally verified, the predicated capacitance was within 6% of the 
experimental value. This can be further improved with more development of the model and 
the parameters, including the surface area and pore size distribution of the given material. 
This model is useful, however, for screening the best electrolytes to test with new materials 
which are being developed for energy storage every day.  
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Chapter 1: Introduction and Background 
1.1 Introduction to Energy Storage 
The biggest problem facing the world in this century is improving our energy 
future, whether it be generation, storage, or efficiency. As we move toward an electrical 
economy, energy storage plays a significant role in the need to move to renewable energy 
sources and away from unsustainable ones such as fossil fuels. While chemical energy 
storage systems (batteries) are found in many small and large electronics today, there are 
fundamental shortcomings that prevent batteries from ever being the ideal energy storage 
system used in all applications.  
 
Figure 1.1.1: Ragone plot detailing the power and energy density metrics for different energy storage 
devices, including batteries, capacitors, and electrochemical capacitors (supercapacitors). Adapted from 
reference 18. 
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As relatively new energy storage devices, electrochemical capacitors (ECs), also 
called supercapacitors or ultracapacitors, have emerged as an alternative way to store 
energy, but scientific and industrial improvements are necessary to further develop this 
technology. Due to fast charge and discharge, supercapacitors are most suited for 
applications which require quick bursts of energy in seconds, such as buses, trams, forklifts, 
wind turbines, automobiles, etc.1 As these applications develop and the demand for 
supercapacitor technology increases, new solutions are imperative to improving their 
performance. Developing the materials that comprise a supercapacitor has drastic benefits 
to the performance, and carbon has led this field. To date, nanostructured carbons are the 
highest performing materials and commercial material of choice due to high specific 
surface area (SSA), wide range of structural properties, and relatively low cost.2 However, 
the use of metal oxides3,4, two-dimensional transition metal carbides5,6, or organic 
molecules7–9 allows an increase in capacitance due to surface redox reactions (pseudo-
capacitance).  
1.2 Electric Double Layer Capacitors 
Supercapacitors are just one type of the many energy storage technologies that exist 
today. The characteristic that sets them apart from most is the physical process by which 
they store charge. Other features include long cycle life, good reliability, general safety, 
high efficiency, and small temperature effects. Other energy storage technologies, batteries 
and parallel plate capacitors, exist at the extremes of power and energy devices (Ragone 
plot), while supercapacitors bridge the gap between them (Fig. 1.1.1)1. Energy storage 
systems are classified by their energy and power capabilities, calculated using these 
equations: 
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𝐸 =  
1
2
𝐶𝑉2      (Eq. 1.2.1) 
 
𝑃 =  
𝑉2
4𝑅
      (Eq. 1.2.2) 
Where E is the energy density of the system (Wh/kg), C is the capacitance (F), V is the 
operating voltage window (V), P is the power density (W/kg), and R is the resistance of 
the device (Ohms). As the Ragone plot (Fig. 1) indicates, the energy and power parameters 
for each energy storage device are very different, due to the charge storage mechanism. 
Figure 2 illustrates a variety of charge storage mechanisms for energy storage technologies 
including batteries and supercapacitors.  For supercapacitors (Fig. 1.2.1a & 1.2.1b), charge 
is stored in a double layer via physical adsorption of the ions either on the outer surface of 
the material or inside the network of pores in porous carbons. No redox reactions are 
required for this process so the current response to voltage changes is very fast and leads 
Figure 1.2.1: A schematic of the energy storage mechanisms for supercapacitors and batteries. Double-
layer charge storage in supercapacitors occurs (a) on the surface or (b) within the network of small pores 
in porous carbon via adsorption due to a positively charged electrode attracting the anions from the 
electrolyte. Pseudocapacitive charge storage mechanisms via (c) metal oxides or (d) intercalation of Li+ 
ions into a layered material such as graphite. Cycle voltammograms for (e) supercapacitors indicate a 
constant current response with a linear voltage change while (f) battery materials exhibit redox peaks 
indicative of reversible chemical reactions. Pseudocapacitive materials can have either a (g) linear voltage 
response or (h) can exhibit a plateau in the bulk depending on the material. 159 
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to high power. However, since the stored charge is confined to the surface, supercapacitors 
suffer from a lower energy density. Cyclic voltammograms (CVs) for supercapacitors 
represent the constant current response to a linearly increasing voltage (Fig. 1.2.1e).  On 
the other hand, pseudo-capacitors rely on fast surface reactions, with a similar 
current/voltage response to supercapacitors. CVs for these devices may exhibit redox peaks 
corresponding to chemical reactions, similar to battery materials (Fig. 1.2.1f). But with 
little or no voltage separation between oxidation and reduction.  Finally, batteries (e.g. 
lithium-ion) rely on intercalation processes controlled by diffusion of ions (Li+) into the 
bulk electrode material or phase 
transitions in electrodes. Intercalation is a 
slow process and the size of particles 
which construct an electrode material has 
a large effect on performance. Therefore, 
they can exhibit either a linear response or 
a voltage plateau with constant current 
(Fig. 1.2.1h), depending on the particle 
size. CVs of battery materials contain 
pronounced and widely separated redox 
peaks.  
Supercapacitors, also called 
electrochemical capacitors, 
ultracapacitors, and electric double layer 
capacitors (EDLC), are titled in this 
Figure 1.2.2: The Stern model of the electric double 
layer, taking into account the capacitance of the 
Helmholtz layer and the diffuse layer to form a 
comprehensive model of the total capacitance.160 The 
potential gradient as a function of distance from the 
electrode surface is also shown.18 
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manner due to the theory that models the charge storage mechanism at the surface of the 
electrode material. The double layer consists of the surface charge layer on the electrode 
surface and the layer of oppositely charged ions from the electrolyte that are attracted to 
the surface. As these charges balance out, the overall system is neutral and the ions are 
redistributed at the electrode surface. For example, if the surface is negatively charged, a 
layer of cations will line the surface followed by equal numbers of both cations and anions 
in the bulk solution (Fig. 3). The radius of the ions affects how close the ion can get to the 
charged surface, and therefore they cannot be modeled as point charges. While this 
Helmholtz double layer model has been altered and advanced over time since its origin in 
1853, Otto Stern effectively combined the contributions of Helmholtz, Gouy, and Chapman 
who had advanced the theory, and in 1927 he more accurately described the capacitance of 
the double layer (Fig. 1.2.2) Here, he described the total capacitance C as a function of the 
CH and CG, capacitance of the Helmholtz layer and the diffuse layer, respectively, which is 
why the resulting model is called the electric double layer. In this new model, the ions of 
the first layer have a finite size by changing how close the ions could approach the electrode 
surface, estimated to be comparable to the radius of the ion. Since the coulombic force is a 
function of the distance between two charges and this theory limits the approach of the first 
layer, the resulting diffuse layer attraction is decreased compared to the previous models. 
The Helmholtz region in the figure consists of a large potential drop which causes the 
potential and the concentration of the diffuse layer required for neutrality to also decrease. 
When the potential and concentration are decreased, the ions are assumed to be point 
charges in the diffuse layer, and this successfully creates a more realistic model of the 
double layer.10,11 
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1
𝐶
=
1
𝐶𝐻
+
1
𝐶𝐺
      (Eq. 1.2.3) 
In the case of carbon materials with a low density of states at the Fermi level, another term, 
quantum capacitance (Cq) should be added to the equation.12–14 
1
𝐶
=
1
𝐶𝐻
+
1
𝐶𝐺
+  
1
𝐶𝑞
     (Eq. 1.2.4) 
1.3 Electrode Materials for Supercapacitors  
As research activities in the energy field expand, nanomaterials emerge as an 
important piece to the energy storage puzzle. When dealing with nanostructured materials, 
the diffusion distances are shorter (nanoscale) facilitating fast charging and enabling high 
power devices. The size of ions in nanomaterials plays a vital role in the theoretical energy 
that can be stored. Multivalent ions, such as Mg2+ and Al3+, are large and slow-moving but 
because these ions have a valence charge greater than one, they have the potential to store 
more energy than ions with single valence charge, such as Li+. Along with increased energy 
storage, nanoparticles are able to withstand repeated cycling since expansion overtime can 
be accommodated which leads to a longer lifetime of the device.15 Ultimately, 
nanomaterials may provide the solution to high power supercapacitor devices with the 
energy storage density equal to that of batteries. Supercapacitor electrodes are typically 
made from carbon allotropes since they have a high specific surface area, are inert in most 
electrolytes at low voltages, have a high electrical conductivity, and have a low density. 
Commercially, the most common carbon is activated carbon (AC) which is derived from 
organic materials such as bamboo, coconut shells, etc. The resulting porous carbon is 
inexpensive and has a high specific surface area after activation (1000-2000 m2/g). In 
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addition to AC, other common forms of carbon include carbide-derived carbon (CDC), 
onion-like carbon (OLC), carbon nanotubes (CNT), templated carbon, and graphene.16–18 
These and all other carbons can be grouped into two groups, namely porous and nonporous 
carbons. 
1.3.1 Nanostructured Porous Carbon Materials 
The biggest advantage for porous carbons, which include AC, CDC, and templated 
carbon, is the high specific surface area and pore volume which lead to high capacitance 
values compared to other carbons. Because the structure of these carbons is that of a 
hierarchical network of small pores (~1 nm), these materials exhibit a very high specific 
capacitance (up to 180 F/g in organic electrolytes19). This network, for example, may 
consist of carbon particles on the order of a few microns, with macroporous (>50 nm), 
mesoporous (2-50 nm), and microporous (<2 nm) channels. A schematic of a single 
mesopores with cations lining the inner surface is shown in Figure 1.3.1a, representing the 
Figure 1.3.1: (a) Schematic of a single mesopore of porous carbon with cations lining the inner wall of 
the pore forming a double-layer with thickness d.20 (b) Cross section of a non-porous carbon material. 
Solvated ions are shown outside the charged particle, with the effective double-layer having a 
thickness  d.30  
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porous structure where adsorption occurs on the inside walls of the nanostructure.20 Pore 
size is a significant factor in capacitance, and it has been shown when the majority of its 
pores are smaller than the ion size, this results  in a very low capacitance.21,22 Another 
important feature is that the high capacitance obtained from the high specific surface area 
is only observed at low charging rates, generally below 0.1 V/s. Since the surface area is 
made up of a tortuous network of pores, fast rates do not allow the ions enough time to 
move through the network, and therefore, the charge stored on the surface is kinetically 
limited.23 
1.3.2 Nanostructured Nonporous Carbon Materials 
Nonporous carbon materials, including CNT, OLC, graphene, and carbon black 
(soot), are all the carbons that are not made up of a network of different sized pores.24 
Though the label can be misleading, these materials do indeed exhibit porosity in the form 
of spaces between agglomerated materials such as CNT bundles, OLC agglomerates, or 
clumped graphene sheets. These agglomerated materials have a much lower surface area 
than porous materials; around 100-1000 m2/g. A single layer of graphene has a theoretical 
SSA of 3000 m2/g but a much lower value is observed in practice.25,26 These materials are 
also known for their high conductivity which makes them excellent candidates for 
conductive additives in EDLC electrodes. Small amounts (<10 wt%) can be added to less 
conductive porous carbons to increase their charge-discharge rates and power 
capabilities.27–29 
Most importantly for supercapacitors, this class of materials has a completely 
accessible surface area for ion adsorption/desorption. Unlike porous carbons, nonporous 
carbons do not have a network of pores to access, so instead, the ions are easily adsorbed 
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to the electrode surface, shown by the schematic in Figure 1.3.1b.30 This explains the 
impressive rate capability of nonporous carbons for high power applications. Activated 
carbon can operate at a maximum of less than 1 V/s, with a time constant around 1 s. 
Conversely, nonporous materials can operate successfully at 10 or even 100 V/s with a 
time constant in the millisecond range.24,31 Due to the absence of a porous network in these 
materials, the total available surface area for ion adsorption is significantly less than porous 
carbon. While the same level of capacitance cannot be achieved due to the lower SSA, 
these materials make excellent model systems for studying different electrolytes. Since ion 
size is a factor in many ionic liquid electrolytes (ILs), nonporous carbons can be used to 
eliminate the effect of pore size and diffusion limited charging. 
1.3.3 Two-Dimensional Materials 
In the past decade, two-dimensional (2D) materials have attracted much attention 
due to interesting properties that vary significantly from the materials in bulk form. Many 
2D materials are synthesized via exfoliation of van der Walls solids, such as graphite or 
MoS2, creating 2D layers from the large bulk particles. Different materials, however, 
require other synthesis methods for successful 2D formation, such as selective etching, in 
the case of 2D carbides (MXene).32–36  
The most popular 2D material currently studied is graphene, which has shown 
interesting electronic properties which relate directly to its success as a supercapacitor 
electrode. It is known for high electrical conductivity, high surface area, great flexibility, 
good mechanical properties, and rich chemistry. According to published studies, specific 
capacitances of graphene electrodes reach 135 F/g, 99 F/g and 75 F/g in aqueous, organic, 
and ionic liquid electrolytes, respectively.25,37 Despite the huge interest in this material, it 
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is undetermined if it will actually revolutionize the energy storage industry.38 One of the 
biggest hurdles threatening the progress of graphene is scaling up production to harvest 
large quantities of high quality graphene.39,40 While many interesting electrode 
architectures can be developed using graphene, there are many other carbon materials that 
deserve equal attention.  
A second popular category of 2D materials is metal oxides and hydroxides such as 
RuO2. These materials are commonly deposited via spin coating, electrodeposition, 
sputtering, etc. to create uniform thin films with a smooth texture.41,42 Two-dimensional 
MnO2 has been demonstrated as a pseudo-capacitive material, exhibiting 774 F/g up to 
10,000 cycles in an aqueous-gel electrolyte.43 Comparatively, RuO2 thin film electrodes 
yield a capacitance up to 730 F/g.44,45 A third category of 2D materials is transition metal 
dichalcogenides (TMDs), which have been applied to optoelectronics, nanoelectronics, and 
sensors.2 While not yet proven to be successful materials for supercapacitors, they have the 
potential to overcome the difficulties associated with graphene in terms of scaled synthesis. 
MoS2 is one of the most studied TMD for supercapacitor electrodes, with a recent study 
exhibiting a capacitance of 168 F/g in an aqueous electrolyte, retaining ~93% after 3,000 
cycles.46   
Finally, a new and increasingly interesting group of 2D materials includes transition 
metal carbides and/or nitrides, also called MXenes. Made by selective extraction of their 
MAX phase precursors, these materials exhibit a highly conductive, layered, structure with 
primarily hydroxyl-terminated functional groups yielding hydrophilic behavior. Reversible 
cation intercalation results in a capacitance over 300 F/cm3.2 One MXene, Ti3C2Tx, was 
successfully delaminated into few-layered sheets and filtered into a free-standing film with 
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high flexibility and a volumetric capacitance of up to 900 F/cm3 in an aqueous electrolyte.47 
While this material was only recently discovered in 2011, research has expanded to 
investigate already discovered and predicted MXenes48,49 as promising new, 2D materials 
with potential as supercapacitor electrodes.5,6,8,50–55  
1.4 Electrolytes for Supercapacitors  
As shown in Figure 1.4.1, there are many important components of a supercapacitor 
besides the electrode, such as the electrolyte, which is in contact with both electrodes as 
well as the separator. Developing a good electrolyte is one of the most important 
requirements for a successful supercapacitor. Good electrolytes require a wide voltage 
stability window, high electrochemical stability, high ionic concentration and ionic 
conductivity, as well as low resistivity, viscosity, volatility, toxicity, and cost.56 
Figure 1.4.1: Schematic showing the components of a supercapacitor including two symmetric electrodes 
(high surface area carbon material), electrolyte, current collectors for passing charge, and a porous 
separator that is ionically conducting but electrically insulating to prevent an electric short.161  
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Supercapacitor electrolytes can generally be classified into three main categories: aqueous, 
organic, and ionic liquid electrolytes. 
1.4.1 Aqueous Electrolytes 
The most commonly used electrolytes for supercapacitor applications are aqueous, 
including acidic, basic, and neutral solutions. Some examples include H2SO4, KOH, 
Na2SO4, among many others. These are beneficial for their high ionic concentration and 
low resistance. They can also be prepared and used without the need for specific 
preparation environments to ensure electrolyte purity. While devices made with aqueous 
electrolytes may reach higher capacitances because of the high ion concentration and small 
ion radius, there are significant disadvantages to these electrolytes. The most important is 
that they can only operate in a small voltage window, 1.2 V maximum, which is 
significantly smaller than all other types of electrolytes. This limitation restricts the 
possibly for improving the energy and power density of these devices.56  
1.4.2 Organic Electrolytes 
To address the small voltage window of aqueous electrolytes, organic solvents are 
used instead of water in most commercial devices to expand the window to 2.5 – 2.7 V, 
and even as high as 3.5 V in some cases.57 This is the most significant advantage of organic 
over aqueous electrolytes. The most commonly used solvents include propylene carbonate 
(PC) and acetonitrile (ACN). Salts commonly used in these solutions include 
tetraethylammonium tetrafluoroborate ([TEA]-[BF4]), tetraethylphosphonium 
tetrafluoroborate ([P(C2)4]-[BF4]), and triethylmethylammonium tetrafluoroborate 
([TEMA]-[BF4]), among others. These organic electrolytes are often hazardous to the 
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environment as a result of the solvents used, specifically ACN, which limits their use in 
certain applications. Low boiling points limit the operating temperature range, and they 
also degrade quickly when there is more than 3-5 ppm water content in the electrolytes.56 
1.4.3 Room Temperature Ionic Liquids 
A third and growing class of electrolytes consists of room temperature ionic liquids 
(RTILs) which are molten salts that exist as liquids at room temperature.58 These are 
solvent-free electrolytes that have a melting point below 20 °C, are nonflammable, have a 
negligible vapor pressure, and are electrochemically stable in a potential window greater 
than 3 V. 58,59 RTILs have been shown to increase the operating potential window for 
supercapacitor devices, as well as extend the operating temperature range beyond that of 
any other electrolytes to date. 60,61 Typical RTILs used in supercapacitor devices are those 
based on immidazolium and pyrrolidinium cations as well as tetrafluoroborate (BF4), 
bis(trifluoromethanesulfonyl)imide (TFSI), and hexafluorophosphate (PF6), though there 
are thousands of potential combinations of ions beyond this list.  
1.5 Existing Gaps in Supercapacitor Literature 
 While the electric double layer model can be vastly simplified, the porous carbon 
electrode concept adds significant complexity to the understanding of the capacitance. The 
porous network is typically approximated as a transmission line model,62 where each pore 
is defined as a resistor (R) in parallel with a capacitor (C).63 As a result, EDLCs can be 
defined with an RC time constant (τ), calculated according to equation 1.5.1: 
𝜏 = 𝑅 ∙ 𝐶 =
𝜆𝐷𝐿
(𝐷1+𝐷2)/2
     (Eq. 1.5.1) 
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where D1 is the diffusion constant across the electric double layer, D2 is the diffusion 
constant between electrodes, and L is the mobility lengths of the individual ions. This 
constant approximates the time to charge or discharge the capacitor to 68% of its total 
energy density, given equilibrium conditions.64 The time constant varies between different 
carbon materials, as well as between energy storage devices as shown by the dotted lines 
in Figure 1.1.1.  One challenge of using ionic liquids is their mobility is limited compared 
with other electrolytes, due to their lower diffusion coefficient. This can therefore result in 
longer time constants for devices made with ionic liquid electrolytes, which can reduce the 
power density of the device. As ionic liquid become more common in supercapacitor 
research, it needs to be confirmed that the disadvantages associated with the smaller 
diffusion coefficients do not outweigh the advantages that come with a larger voltage 
Figure 1.5.1: Electrochemical windows of different ionic liquids using a glassy carbon electrode. The 
potential is described on the basis of the standard potential of the ferrocene (Fc)/ferrocenium (Fc+) redox 
couple in each system. APy+(Pt) denotes the electrochemical window of APy(FH)2.3F on a platinum 
electrode.65  
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window. There are a few different ways that these characteristics can be modified as well, 
which are described in later chapters.  
1.5.1 Limited Ionic Liquid Potential Window  
 One of the most challenging 
aspects of ionic liquid electrolytes 
is their inconsistent operating 
potential window (OPW) for 
different systems. While literature 
and modeling suggest that the most 
common ionic liquids can operate 
at a window above 4 V,58,59 this can 
vary based on the specific ions in 
the electrolyte as well as the 
electrode material. Ionic liquids are 
often tested using a glassy carbon 
electrode surface, which maximizes 
the potential window, as shown in 
Figure 1.5.1. In this case, by 
changing the cation, the size of the 
OPW can change drastically, as well as its symmetry at the positive and negative side.65 
As explained later in Chapter 3, maximizing the OPW of the ionic liquid-based device 
Figure 1.5.2 (a) Available working potential window for 
EOCP of the electrode material at the middle and one-third 
points of the potential window under equal mass loading of 
positive and negative electrodes. (b) Mass ratio 
(negative/positive) dependence of cell voltage and specific 
retention for EOCP at middle (circle) and one-third points 
(triangular) cases.68  
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relies on the symmetry between the positive and negative electrodes, which are often 
unequal due to the differences in the cation and anion.   
There are currently a few reported methods for correcting the asymmetric OPW of 
two electrodes of an EDLC device. These methods include balancing the electrode 
masses,66–68 choosing two different electrode materials,69 and injecting charge into one or 
both electrodes before testing.70 By all three methods, the potential at 0 V (E0V) of the cell 
is forced to land in the middle of the electrolyte’s potential stability window, creating equal 
OPWs for both electrodes.68,71 As a result, the working potential range of the device can be 
extended closer to the maximum voltage window allowed by the electrolyte. However, 
there are a few problems associated with each of these methods. For instance, mass 
balancing, which is currently the preferred method in commercial cells, equalizes the OPW 
of the electrodes but has a negative effect on the specific capacitance of the cell due to the 
additional mass in one of the electrodes (Fig. 1.5.2). As a result, the energy density cannot 
be significantly increased by this method. On the other hand, it is time-consuming and 
difficult to search for two different electrode materials (e.g., carbons with different pore 
Figure 1.5.3 Charge/discharge profiles (at 0.35 Ag-1) of (a) a conventional symmetric graphene EDLC 
and (b) a graphene EDLC with optimized OPW by shifting E0V down to 1.16 V vs. Li/Li+.70 
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sizes) that balance an asymmetric cell, which makes this method not practical. Both 
methods make devices asymmetric, as the polarity of the electrodes cannot be changed, 
depriving the EDLC of one of its advantages over batteries. And finally, while charge 
injection is effective, it requires electrochemical treatment of each electrode in separate 
cells before assembling a balanced cell or an electronic control of the charges on electrodes, 
which is time-consuming and expensive (Fig. 1.5.3).70 In contrast, the method explained in 
this paper focuses on the electrolyte instead of electrodes and the balanced charge is 
achieved by formulating the electrolyte. Ionic liquids (ILs) are salts that are liquid at 
ambient conditions and, due to their high potential stability, they have attracted much 
attention as electrolytes for EDLCs. They have unique properties such as a low melting 
Figure 1.5.4: (a) Plot of specific capacitance normalized by specific surface area of the carbon (BET) in 
this study and two other studies with the same electrolyte. Capacitance decreases with smaller pore sizes 
until a critical size is reached. At this critical point, the capacitance begins to increase drastically with 
decreasing size of micropores. (b-d) Schematics of solvated ions inside pores with the distances between 
pore walls (b) greater than 2 nm, (c) between 1 and 2 nm, and (d) less than 1 nm.91 
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point, a high boiling point, negligible vapor pressure, and chemical stability.72 Though 
many ILs exist, the most common ILs used for EDLC devices contain an imidazolium-
based cation, which is very resistant to moisture.73 Of these, 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (EMI-TFSI) is a typical IL for EDLCs21,74 since it has a 
high chemical stability and resists moisture from the environment. ILs are perfect 
electrolytes for analyzing the symmetry of EDLC electrodes since they do not contain 
solvent molecules and can be directly probed as two separate ions on the two different 
electrodes.  
1.5.2 Relationship between Pore Size and Ion Size 
 To increase the 
capacitance in an EDLC, the 
typical method involves 
maximizing the surface area that 
is accessible to the ions of the 
electrolyte.75 However, it has 
been found that the linear 
dependence of capacitance on 
surface area reaches a certain 
critical surface area.76–81 If a 
constant pore volume is assumed, 
then increasing the pore volume 
will decrease the surface area. When the pore size is extremely small, the surface area is 
minimal since the ions are too large to access the pores. On the other end, when the pores 
Figure 1.5.5: Normalized capacitance vs. pore size of CDC 
samples prepared at different temperatures. Correlation is 
shown for the entire cell (blue) as well as the individual 
positive (red) and negative (black) electrodes. Hyperchem 
models of the structure of EMI+ and TFSI- show the size 
correlation. 74,162 
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are extremely large, the ions can access the pore easily but the resulting surface area is 
limited. Therefore, there is an optimum pore size that maximizes the surface area and ion 
accessibility and optimizes the capacitance of the system. According to the field, gas 
sorption studies indicate that the majority of surface area is contained in the pores which 
are too small to be accessed by ions.80,82–86 Based on a study by Ania, et al, it was concluded 
that the capacitance decreases with increasing ion size. In this case, the pores are too small 
for ions to access. When the pore size was kept constant and the ion sizes were varied,87 it 
was also suggested that in most cases the pores were too small to be accessed by the ions.  
One of the complications associated with the pore-ion size relationship is the 
solvation shell that surrounds the ions dissolved in a solvent. When the pores are smaller 
than the solvated ion size, capacitance is still shown, which suggests at least partial 
desolvation of the ions during charging. This distortion of solvation shells in small pores 
of carbon nanostructures has been reported in the literature.88–90 Figure 6 reveals the 
capacitance dependence for different carbon structures, with micropores showing an 
increase in capacitance with smaller pore size. By using microporous carbons with pores 
smaller than 1 nm, the volumetric capacitance was increased from 55 to 80 F/cm3.91 To 
remove the effect of solvation shell, ionic liquids can be employed as solvent-free 
electrolytes. In a study by Largeot, et al, the ionic liquid ethyl-methylimidazolium 
bis(trifluoromethanesulfonyl)imide was chosen due to the relatively equal sizes of the 
cation and anion (0.76 and 0.79 nm in the longest dimension, respectively).21 By holding 
the ionic liquid constant and manipulating the TiC-CDC to have a range of pore sizes, an 
optimum pore-ion size relationship can be seen. This dependence is seen in Figure 7, where 
the maximum capacitance is reached at ~0.7 nm, which matches the ion sizes in the 
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electrolyte. When organic solvent was added to the RTIL electrolyte, a similar plot shows 
that the maximum capacitance shifts to a larger pore size91, confirming the effect of the 
solvation shell. This and similar studies emphasize the importance of matching the pore 
and ion sizes for optimized EDLC performance.   
 
1.5.3 Ionic Liquid Mixtures to Enhance Capacitive Performance  
As the cost of ionic liquids decreases and they become more feasible as 
supercapacitor electrolytes, but the electrode materials need to be designed to 
accommodate their large size and high viscosity. There are, however, many advantages to 
using ionic liquids over other electrolytes. In 2011, it was shown that by mixing two ionic 
liquids into one electrolyte, the supercapacitor device could operate in extreme temperature 
environments.92 A eutectic mixture of N-methyl-N-propylpiperidinium 
bis(fluorosulfonyl)imide and N-butyl-N-methylpyrrolidinium 
Figure 1.5.6: (a) DSC profiles of the two pure ionic liquids as well as the 1:1 mixture. The chemical 
structures of the three ions in the mixture are also shown. (b) The conductivity as a function of inverse 
temperature for the three electrolytes reveals a dramatic increase in range for the 1:1 mixture electrolyte.92 
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bis(fluorosulfonyl)imide (1:1) was used as this electrolyte. Alone, these and most ionic 
liquids operate at room temperature and above for risk of solidifying at lower temperatures. 
The differential scanning calorimetry (DSC) curve for the mixture reveals no peaks 
between -80 °C and 100 °C suggesting that a supercapacitor made with this mixture 
electrolyte may operate at extremely low (and high) temperatures. Figure 8a shows the 
DSC curves for the different electrolytes and Figure 8b shows the conductivity as a 
function of temperature for the single ionic liquids and the mixture. Since the anion is the 
same in these two ionic liquids, the only difference is the molecular structure of the cations, 
which are also about the same molecular weight and atoms of the same nature. Therefore, 
it is the behavior of the nanostructure of this ionic liquid mixture that changes the properties 
and makes the device operable at a much wider temperature range. OLC and CNTs were 
both tested with this electrolyte, showing a usable temperature range down to -50 °C. With 
a higher range of 100 °C, this mixture electrolyte boasts a 150 °C temperature window 
which is far above any organic or aqueous based supercapacitor.  
1.5.4 Modeling Efforts for Supercapacitor Interfaces 
 Aside from experimentation on supercapacitors, the field of modeling these devices 
has become very popular, especially the electrode-electrolyte interface. Many groups have 
developed models that predict the relationship between different electrolytes and the 
surface of the electrode, typically using a flat planar electrode as an easily modeled surface. 
Recently, Cummings et al.93–96 has published a number of papers on the system of ionic 
liquid electrolytes and onion-like carbon electrodes. Some of the conclusions from these 
studies have even been confirmed via experimentation97–100 and they also provide an 
understanding of what is otherwise a complex interaction at the nanoscale. While the 
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electric double layer is the backbone to the theory of supercapacitors, it is extremely 
difficult to study it in a lab setting. Molecular dynamic simulations of these interfaces allow 
us to not only look at a few layers of ions on the electrode surface, but also to predict 
performance of different electrolytes and electrode materials. The first advantage is the 
ability to understand and explain some complicated experimental results that may 
otherwise go unexplained. Secondly, simulations can be use first as a screening method for 
different material possibilities, electrolyte concentrations, etc. Model-driven synthesis and 
design is a powerful method of research that involves predictive simulations for optimizing 
the performance followed by 
experimental verification. For 
example, in a study from 2011, 
molecular dynamics successfully 
confirmed that the when the pore size 
and ion size are matched, the highest 
capacitance can be achieved.96 Not 
only was the experimental trend 
confirmed and explained, but the 
simulations showed that this higher 
capacitance is achieved at all pore 
sizes that are integer multiples of the ion size, creating an oscillatory trend for capacitance 
as a function of pore size. As a result, supercapacitor systems can be designed based on the 
knowledge of this interaction, allowing for an optimized performance of matched porous 
Figure 1.5.7 Specific capacitance of the modeled 
micropore as a function of pore size. The resulting curve 
suggests an oscillatory behavior for the capacitance of 
the pore when compared tithe size of the ions.96  
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carbons and known ion sizes. This is just one example of how computation and simulation 
can be used to enhance and drive experimental study. 
1.6 Summary of State of the Art 
 Through the last few decades, supercapacitor research has revolved around 
increasing the energy density to reach magnitudes of batteries, while still maintaining the 
characteristic high power density. However, while new electrode materials and electrolytes 
are studied very frequently, there is an absence of understanding about how the two 
components relate to each other and therefore the performance of the final device. There 
have been some innovative studies that discuss the relationship between ion size and pore 
size or the effect of mixing ions for optimizing performance characteristics. However, the 
real challenge lies in understanding how the two components interact in an effort to design 
the perfect electrode-electrolyte combination for the desired application. In addition to 
intelligent design of material pairs, there has recently been an increase the capabilities of 
theoretical modeling for supercapacitor systems. Density function theory and molecular 
dynamics can both be used to predict experimental results if the volume of experiments is 
too large. Ultimately, with a strong connection between the two, the concept of model-
driven-design of supercapacitor systems is in reach, saving time and money involved in 
large-scale experimental research.  
 While some of the intelligent design concepts have been tested as standalone 
experiments, the findings presented in this dissertation bring the different methods and 
concepts together. By approaching the supercapacitor as a system of components instead 
of approaching each component on its own, the electrode-electrolyte interface can be better 
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understood. With this new understanding, further innovations and solutions can be 
discovered to optimize the performance of supercapacitors.  
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Chapter 2: Dissertation Objectives 
The primary objective of this dissertation is to explore the relationship between 
ionic liquid electrolytes and the electrodes and its effect on the system’s performance. The 
project has two stages: (1) to understand the performance of ionic liquid electrolytes in 
model systems and (2) to investigate the relationship between ionic liquids in complex 
systems. In exploring these two research areas, this dissertation aims to answer the 
following important, unresolved scientific questions: 
Model Systems 
1. Can ionic liquids be used as electrolytes for supercapacitors without sacrificing 
important features such as high powder density and fast time constants?  
2. Do minor changes in ion size greatly affect the capacitive performance for 
nonporous electrodes?  
3. Why do ionic liquids operate experimentally at a lower potential window in real 
devices than theoretically predicted? Can we solve this?  
4. Can mixtures of ionic liquids enhance the capacitive performance in nonporous 
model systems?  
Complex Systems 
1. What effect do pore size and ion size have on the pore filling in carbons with 
different pore structures?  
2. Will an ionic liquid mixture improve the performance for a system with only 
micropores? Micropores and mesopores?  
3. Can we design a model that can predict an optimum mixture concentration of ionic 
liquids for a given carbon’s pore size distribution? 
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Chapter 3: Experimental Methods 
3.1 Materials 
3.1.1 Carbon Nanotubes 
CG100 single-walled carbon nanotubes (SWCNTs, diameter: 0.970.2 nm, length: 
300 nm to 2.3 μm) produced by the CoMoCAT method were obtained from SouthWest 
NanoTechnologies Inc. and used as received to fabricate SWCNT aerogels. Methods for 
making SWCNT aerogels have been reported elsewhere.101–103 Briefly, the SWCNTs (Fig. 
3.1.1a) were suspended in deionized water (Millipore) using sodium dodecylbenzene 
sulfonate (SDBS) surfactant (Acros Organics) at a SWCNT dispersion concentration of 
1 mg/mL. After centrifugation, the supernatant, which contained mostly isolated 
nanotubes, was collected to fabricate SWCNT aerogels. The average SWCNT 
Figure 3.1.1 Schematics of the different carbon materials used. Nonporous materials such as (a) an 
aerogel made from single-walled carbon nanotubes and (b) onion-like carbon (c) exhibit charging on the 
outer surface of the particles. Porous materials such as (d) carbide-derived carbon and (e) activated carbon 
(f) exhibit a network of small pores where charging and discharging of ions occurs.  
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concentration in the supernatant was higher than 0.75 mg/mL. To avoid drying, the 
SWCNT solution was sealed with parafilm, and formed a hydrogel within 12 hours. The 
full process and characterization can be found elsewhere.104 
3.1.2 Onion-Like Carbon 
OLC was synthesized by annealing a nanodiamond precursor under vacuum. A 
custom made graphite vacuum furnace (Solar Atmospheres, USA) was used to bring 
vacuum to ~10-6 torr and temperature to 1800 °C. Temperature was ramped at 600 °C/h to 
desired value and then held isothermal for 3 hours during the annealing process.105 The 
resulting  
3.1.3 Carbide-Derived Carbon 
CDC was synthesized by etching the carbide precursor using chlorine gas in a 
horizontal quartz tube. Two specific carbide precursors were used, due to their resulting 
pore size distributions. Silicon carbide derived carbon (SiC-CDC) resulted in a unimodal 
pore size distribution around 0.8 nm. Molybdenum carbide derived carbon (Mo2C-CDC) 
developed a bimodal pore size distribution, with two pore sizes at 0.8 and 2.5 nm. Both 
materials were synthesized with the same conditions, in order to be able to compare them 
in future tests. The carbide powders were treated with chorine gas at 800 °C for 5 hours 
initially, followed by H2 gas at 600 °C for 1.5 hours. Synthesis took place at Materials 
Research Centre (Kiev, Ukraine).  
3.1.4 Activated Carbon 
In addition to specifically chosen porous CDC materials, commercially available 
activated carbon was used in a variety of ways during testing. The material, commercially 
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known as YP-50, is derived from coconut shells and boasts a specific surface area of 
1500 m2/g (Kuraray, Japan).106 AC was used in three electrode electrochemical tests as an 
over-capacitive counter electrode when the desired results were focused on the working 
electrode material. In addition, AC was used as a commercial example for improving 
standard supercapacitor materials with a specifically designed ionic liquid electrolyte.  
3.1.5 Ionic Liquid Electrolytes 
The most common ionic liquid 
used in experiments is 1-ethyl-3-
methylimidazolium 
bis(trifluoromethylsulfonyl)imide 
(EMIM-TFSI) which is commercially 
available (IoLiTec, USA)and common 
among preliminary ionic liquid 
experiments in the literature. Other ionic 
liquids used were synthesized by 
collaborators at ORNL using established 
procedures107,108, including 1-hexyl-3-
methylimidazolium 
bis(trifluoromethylsulfonyl)imide (HMIM-TFSI), 1,6-bis(3-methylimidazolium-1-yl) 
bis(trifluoromethylsulfonyl)imide (BMIH-TFSI) and 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMIM-BF4). The ion chemistries and relative sizes are shown in Figure 
3.1.2 which have been derived from literature.98,109 Some important characteristics of the 
ionic liquids used throughout this dissertation are summarized in Table 3.1. 
Figure 3.1.2 Relative ion sizes for the different 
ionic liquids used in the experiments. Ion colors 
correspond to the following atoms: Carbon (grey), 
Nitrogen (blue), Hydrogen (white), Boron 
(orange), Fluorine (purple), Sulfur (yellow), 
Oxygen (Red).   
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3.2 Electrochemical Characterization 
3.2.1 Cyclic Voltammetry 
Cyclic voltammetry is a potentiodynamic technique that cycles the voltage at a 
certain scan rate between two voltage points, inducing a current response. Ideally, a 
capacitor’s CV curve takes a rectangular shape, indicating that only a small increase in 
voltage is needed to move ions into a charged or discharged state. On the other hand, an 
ideal resistor takes a linear shape, consistent with Ohm’s Law. Capacitance can be 
calculated by plotting the current response vs. time and taking the area under the discharge 
curve as shown in Fig 3.2.1a.  
𝐶 =
2 ∫ 𝐼 𝑑𝑡
𝛥𝑉
      (Eq. 3.2.1) 
Table 3.1 Characteristics of the ionic liquids used throughout this dissertation. Ion volumes were 
calculated via Molinspiration, diffusion coefficients are reported from molecular dynamics, viscosity is 
reported from a vibrational viscometer, and conductivity is reported via impedance techniques. All values 
correspond to room temperature (~25 °C). 
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where I is the current (A), V is the potential window (V), and t is the time (s). Additionally, 
a factor of two is introduced due to the fact that the device consists of two electrodes in 
series, resulting in the calculation for the capacitance of a single electrode. This capacitance 
is then normalized by mass (F/g), volume (F/cm3), or area (F/cm2) of the electrode to 
compare the performance accurately to other systems.  
3.2.2 Galvanostatic Cycling 
Galvanostatic cycling (GC) applies a constant current density to charge the device 
between two voltage points. As the current is applied, charge builds up at the electrode 
surface, creating an increasing potential difference. This process is reversed when the 
reverse current is applied to discharge the electrode. The resulting voltage vs. time curve 
(Fig. 3.2.1b) has a sawtooth shape, where the slope of the discharge portion is inversely 
proportional to the capacitance: 
Figure 3.2.1 (a) A characteristic cyclic voltammogram for an electrochemical capacitor. The area under 
the discharge curve (shaded grey) is typically used in calculating capacitance. (b) A galvanostatic 
(charge/discharge) curve for an electrochemical capacitor where the slope of the discharge curve is used 
to calculate capacitance. (c) An example of a Nyquist plot, constructed based on results from 
electrochemical impedance spectroscopy. Points on the curve represent the frequency of oscillation, 
moving from high to low across the curve. The three stars indicated correspond to the electronic 
resistance, the interfacial resistance and the knee frequency, from left to right.   
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𝐶 =  
−𝐼
𝑑𝑉
𝑑𝑡⁄
      (Eq. 3.2.2) 
where I is the current applied (A) and dV/dt is the slope of the discharge curve (V/s). As 
the polarity of the applied current reverses at the peak voltage, an ohmic drop occurs, 
evident by an immediate drop in the voltage. From this drop, the series resistance (RS) can 
be calculated: 
𝑅𝑆 =  
𝛥𝑉
𝐼
     (Eq. 3.2.3) 
where ΔV is the change in voltage at the ohmic drop  (V) and I is the applied current (A). 
The series resistance is often normalized by the area of the electrode.  
3.2.3 Electrochemical Impedance Spectroscopy  
Electrochemical impedance spectroscopy (EIS) alternates the potential around a set 
point at varying frequencies (100 kHz to 10 mHz), combining DC potential with a small 
AC potential. At low frequencies, the supercapacitor behaves as a normal capacitor, where 
the current is -90° out of phase with the voltage, indicating the times have enough time to 
come to a steady state at the surface of the electrode. At high frequencies, the system 
behaves as a resistor with the current response completely in phase with the voltage 
because the ions are not able to move at such high rates. The source of the impedance 
(resistance) of the system can be separated into electronic resistance (interfacial resistance 
between cell components) and ionic resistance as the ions charge to and discharge from the 
electrode surface. EIS data is often represented as a Nyquist plot (Fig. 3.2.1c) with the x-
axis being the real part of the impedance and the y-axis being the opposite of the imaginary 
part of the impedance. From this plot, the electronic resistance is real part of the resistance 
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at 1 kHz, the interfacial resistance is the magnitude of the semicircle at high frequencies, 
and the ionic resistance is the magnitude of the ~45° angle formed between the semicircle 
and the vertical region.113 
3.3 Physical Characterization  
3.3.1 Gas Adsorption 
Surface area and pore size distributions for all carbon materials were measured 
using nitrogen gas adsorption in a Quadrasorb S1 (Quantachrome Instruments, USA). 
Before measurements, the carbon samples were degassed at 120 °C for 24 hours. Once 
degassed, the isotherms were measured at 77 K in a P/P0 range of 0.001-1, with P0 being 
760 torr. Using quenched solid density functional theory (QSDFT) which is part of the 
QuandraWin Quantachrome software package, the isotherm raw data was fitted to find the 
pore size distribution.114 The Brunauer-Emmet-Teller (BET) model115 was then used to 
calculate the surface area according to the following equation, which is valid for relative 
pressure in the P/P0 range of 0.05-0.3, corresponding to a monolayer of gas adsorbed on 
the surface of the material: 
1
𝑣[(𝑃 𝑃0⁄
)−1]
=
𝑐−1
𝑣𝑚
𝑃
𝑃0
+
1
𝑣𝑚𝑐
     (Eq. 3.3.1) 
where P is the equilibrium pressure of the adsorbate, P0 is the saturation pressure of the 
adsorbate, v is the adsorbed gas quantity, vm is the monolayer adsorbed gas quantity, and c 
is the BET constant. Solving for vm allows for calculation of the specific surface area: 
𝑆𝑆𝐴 =  
𝑣𝑚𝑁𝐴𝐴𝑥
𝑀𝑚
      (Eq. 3.3.2) 
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where NA is Avogadro’s number, Ax is the cross sectional area of the adsorbate, M is the 
molecular weight of the adsorbate, and m is the sample weight after degassing.114  
3.4 Theoretical Measurements  
3.4.1 Classical Density Functional Theory 
The method used in this work is known as classical density functional theory 
(CDFT). It was born out of the same principles of electronic density functional theory, 
which is interested in perfect detail for the density of each electron. As a result, it gets 
computationally expensive rather quickly. Furthermore, electronic DFT is computationally 
expensive quickly. Furthermore, electronic DFT is computationally restricted to a volume 
about 2 nm3. Here, the problem is abstracted to what is actually important to the system: 
size and valence. The model considers a metallic slit pore containing primitive model hard 
sphere ionic liquid.  The primitive model accounts for electrostatic correlations and ionic 
excluded volume effects that are ignored in conventional electrochemical theories (e.g., the 
Poisson-Boltzmann equation) and allows for easy variation of the wall potential and the 
mixture composition.116 The static dielectric constant of this ionic liquid is chosen to be 
near or about one. This dielectric constant can be increased slightly to acknowledge 
polarizability and other miscellaneous forces which are not considered to keep the model 
simple.  However, the static dielectric constant of the bulk structure ionic liquid (near 10) 
is not the static dielectric constant of the ionic liquid in nanopores. This value is roughly 
10% of the bulk structure dielectric constant.117 For ionic liquids such as EMIm-TFSI and 
EMIm-BF4 with bulk static dielectric constants nearer to 12, our choice for the static 
dielectric constant is valid. The diameter of the hard sphere ions for EMIm (0.50 nm) and 
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TFSI (0.50 nm) were chosen to account for excluded volume effects and have been 
established in our previous EDLC studies where we match very closely experimental 
results of capacitance, and even were able to reproduce oscillations in capacitance118,119 
and a layered ion structure.120  Our model has been further verified: showing the transition 
from bell to camel shape in regard to differential capacitance versus potential.121  For 
tetrafluoroborate we consider its radius to be that as given by the vdW bond length which 
is near to about 0.30 nm. This primitive model ionic liquid contains a mixture of all three 
of these ions so the mixture can be optimized to a specific material or potential.  
The metallic slit pore is used to avoid the complex nature of electrode materials 
which would effectively modify the surface potential. We can therefore consider the effect 
of changing potential independent of a specific material which could be better studied in 
another model. Each ionic species inside the pore is subjected to an electrostatic potential 
𝛽𝑉𝑖(𝑧) =  {
−
2𝜋𝑙𝑏𝑍𝑖𝐻𝑄
𝑒
,          
𝜎𝑖
2
≤ 𝑧 ≤ 𝐻 
∞,                        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
    (Eq. 3.4.1) 
where 𝑧 is the distance from the lower electrode, 𝛽 = (𝑘𝐵𝑇)
−1, 𝑘𝐵 is the Boltzmann 
constant, 𝑇 is absolute temperature, 𝑙𝑏 =
𝛽𝑒2
4𝜋𝜀0
 is the Bjerrum length, 𝑒 is the elementary 
charge, 𝜀0 is the permittivity of free space, 𝑄 is the surface charge density, 𝐻 is the overall 
pore width, 𝑍𝑖 is the valence of the ionic species 𝑖, and 𝜎𝑖 is the diameter of an ionic 
species 𝑖. The density of the ion species through the pore is given by 
𝜌𝑖(𝑧) = 𝜌𝑖
0exp [−𝛽𝑉𝑖
𝑒𝑥𝑡(𝑧) − 𝛽𝑍𝑖𝑒𝛷(𝑧) − 𝛽𝛥𝜇
𝑒𝑥]    (Eq. 3.4.2) 
where 𝜌𝑖 and 𝜌𝑖
0 are the ion density in the pore and bulk respectively, 𝑉𝑒𝑥𝑡 is the 
nonelectrostatic component of the external potential in the previous equation due to 
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confinement within the pore, and 𝛥𝜇𝑒𝑥 is the excess chemical potential.  The electrostatic 
component is accounted for in the overall local electrical potential 𝛷(𝑧) which is related 
to the charge density by 
𝜕2𝛷(𝑧)
𝜕𝑧
= −
𝑒
𝜀𝜀0
∑ 𝑍𝑖𝜌𝑖(𝑧)𝑖     (Eq. 3.4.3) 
The excess chemical potential accounts for the nonideality from electrostatic correlations 
and excluded volume effects. Without it, we would be left with the conventional Poisson-
Boltzman relation. The density profile given by classical density functional theory can then 
be translated into useful quantities such as surface charge, absorption, and selectivity. For 
each slit pore there is a corresponding width, and each result is independent of other pores 
which might be contained in the system. As a result, we are able to find material properties 
using a linear combination of the pores with weights corresponding to the material’s pore 
size distribution as given by experiments. These results have shown very close agreement 
with capacitance normally within 10% of the measured value. 
3.4.2 Molecular Dynamics Simulations  
Classical molecular dynamics (MD) simulations are a powerful tool in studying 
nanoscale phenomena, particularly the structure and dynamics of fluids in bulk, interacting 
with a surface, or confined in nanostructures. Briefly, atoms in molecules are treated as 
point particles that carry partial charges and bonded and non-bonded interactions with other 
atoms.122 Bonded interactions, including angular and torsional terms, typically take the 
form of harmonic oscillators and are parameterized to describe bond bending and 
stretching. Non-bonded, i.e. dispersion, interactions are typically treated with the 12-6 
Lennard-Jones potential, which includes both short-range repulsion and a long attractive 
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tail. Electrostatics are fundamentally described by Coulombic interactions between point 
particles. These energetic terms are ultimately summed together into a potential energy 
term, which is used in integrating Newton’s Second Law to produce velocities over time, 
a.k.a. trajectories. These trajectories are typically on the order of a few nanometers, which 
is sufficient to describe most fluid behavior and/or ensure a system has reached an 
equilibrium state. System sizes are typically on the order of a few nanometers and 
thousands or tens of thousands of atoms. Developments parallel computing 
algorithms123,124 and integration with GPU hardware124–126 in the past two decades have 
allowed for the more efficient scaling of MD simulations, even allowing to up to millions 
or billions127 of atoms in size or microseconds in length6 to be studied, provided the 
computational resources are available. MD simulations of different carbon systems in 
contact with ionic liquid electrolytes were performed in NVT ensemble using a customized 
MD code based on GROMACS software.128 To simulate porous CDC materials, a pore 
with a specific pore size was charged in the presence of the different ionic liquids and 
mixtures of ionic liquids in the bulk. Once the ions have stabilized, a snapshot of the pore 
filling was captured which adds understanding of how the CDC pores fill with ions during 
charging.  
3.5 Supercapacitor Assembly and Testing 
 The supercapacitor testing setup that is typically used involves free standing film 
electrode made from the carbon powder of choice. This process involves mixing 95 wt% 
of the carbon powder with 5 wt% of a Teflon binder (60% suspension of 
polytetrafluoroethylene in water, Sigma Aldrish). Ethanol is added and the whole mixture 
is stirred at 80 °C to uniformly disperse the PTFE binder among the carbon particles, as 
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well as evaporate the ethanol. The resulting dry mixture is kneaded with a mortar and pestle 
to elongate the PTFE fibers across the carbon particles. Once this has been accomplished, 
the film becomes free standing with a rubbery texture. This film is then processed in a 
Durston rolling mill (UK) to transform it into a uniformly thick sheet of carbon electrode 
(50-200 µm typically). This sheet is then punched into single electrodes of a desired 
diameter, typically 9-12 mm, and these electrodes are then dried in a vacuum (80 °C) 
overnight to remove all residual water and ethanol.  
3.5.1 Sandwich Cell 
 Once free standing film electrodes have been made, the “sandwich-type” 
supercapacitor cell can be constructed according to the schematic shown in Figure 3.5.1. 
A polypropylene membrane (Celgard, USA) was used as a separator to prevent the short 
circuit of electrodes. Carbon-coated aluminum (Exopack, USA) was used as a current 
collector. An AgCl-coated Ag wire was used as a pseudo-reference electrode in two 
Figure 3.5.1 Schematic of the typical sandwich cell assembly, including a working electrode, an 
oversized counter electrode, carbon-coated aluminum current collectors, separator, and an Ag wire 
reference electrode. Also shown are the top and side views of the actual device tested.   
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electrodes tests or an actual reference in three-electrode tests. Two electrode measurement 
included two identical electrodes, one on each side, while three electrode measurements 
involved a single working electrode (materials of interest) and an oversized counter 
electrode made of activated carbon powder. All components, including the electrodes of 
choice, two L-shaped current collectors, two layers of separator, and Ag wire were 
assembled in a sandwich cell configuration with ~1 mL of ionic liquid electrolyte. 
Assembly and testing were performed in a dry argon-filled glove box at room temperature 
(VTI, USA).  
3.5.2 Three-Electrode Tests 
 Electrochemistry tests were performed with a slightly altered connection setup, 
allowing the potential across the entire cell to be controlled while each individual electrode 
is recorded against the reference electrode. This allows the symmetry of the cell’s potential 
Figure 3.5.2 (a) Schematic showing the setup used for testing the supercapacitors in an altered three-
electrode configuration. (b) Example of a corresponding cyclic voltammogram for the entire cell (black), 
counter electrode (red) and working electrode (blue). Reference Ag/AgCl wire records the potential of 
each individual electrode during charge and discharge.    
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window to be analyzed. In EDLCs, ideal cyclic voltammograms have a near-rectangular 
shape with no evidence of reactions occurring at the maximum working potential.18,129 By 
setting the working potential of the entire cell to a specific value, the current response of 
each individual electrode can be measured at different potentials versus a common 
reference electrode. In a perfect system, the identical electrodes should operate at an equal 
potential window, and therefore each electrode will have identical rectangular CVs with 
the CV of the device equal to sum of the CVs of the two electrodes. Variations from this 
symmetry in the CVs comes from the different response of identical electrodes to anions 
or cations of the electrolyte. By studying each electrode individually, we can understand 
what effect this asymmetry has on the overall performance of the device. In our 
experimental setup, we connect the cell to the potentiostat similar to a regular two-electrode 
CV test, where the voltage is swept in reference to the counter electrode. However, in our 
setup, a reference electrode (Ag/AgCl wire) is added to the cell and is connected to the 
potentiostat using the reference of the counter electrode. In this way we can control the 
potential of the cell and, at the same time, sense the potential of the individual electrode.  
The total operating potential of the cell is the sum of the operating potentials of the 
individual electrodes, which can be seen in Figure 3.5.2. Figure 3.5.2a is a schematic 
showing the cell and the different potential windows that are measured in this 
configuration. Figure 3.5.2b shows a corresponding cyclic voltammogram for each element 
of the device. In the CV, the black curve corresponds to the fixed voltage window that we 
set for the entire cell, in this case 2.5 V. The red curve corresponds to the potential window 
of the counter electrode in reference to the Ag/AgCl wire (left electrode in the cell 
schematic attracting positive cations). The blue curve corresponds to the CV of the working 
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electrode and the right electrode that attracts the negative anions.  The arrows indicate the 
direction of the scans for each electrode during the voltage sweep. One important note 
when using this test method is that the upper and lower potential limits will not be 
consistent between different types of devices. Since we fix the potential between the two 
electrodes and measure the potential of each individual electrode, only the cutoff potentials 
of the device are fixed. The potential of zero voltage (E0V) differs for different electrolyte 
compositions and therefore the 2.5 V window falls between different upper and lower 
limits for each one. The fact that these bounds are unforced is the reason that this method 
can be used to measure the symmetry of the two electrodes in a symmetric supercapacitor 
device.  
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Chapter 4: Model Systems 
 Ionic liquids are ideal electrolytes for use in a model system because the ions have 
a well-defined size due to the lack of solvation shell that is present in aqueous and organic 
alternatives. To understand the interface between ILs and the electrode surface, it is 
important to rule out other variables such as functional groups on the electrode surface and 
restricting micropores. Due to the large size of the ions in ILs, porous carbon causes ion-
pore size effects that can interfere with the general understanding of ILs as electrolytes. 
Therefore, to begin testing these electrolytes, nonporous electrode materials are used at 
first including carbon nanotube aerogels with a very open structure and onion-like carbon 
with a highly accessible surface area.  
4.1 Ionic Liquids on SWCNT Aerogel Electrodes 
4.1.1 Methods 
 The single-walled carbon nanotube (SWCNT) aerogel electrodes were fabricated 
according to the process discussion in Chapter 3. The ionic liquid used was 
[EMIM+][TFSI- ], a standard electrolyte used in the literature with a stability window of ~ 
3 V. The combination of the high electronic conductivity130 and the accessible surface area 
of these electrodes with the extended voltage window of RTIL electrolyte results in a 
supercapacitor with very high power density, excellent rate cycling ability, and high energy 
density compared to conventional porous carbon electrode based supercapacitors. The 
porous carbons used for comparison include a TiC-CDC and commercial AC.  
4.1.2 Results and Discussion 
Cyclic voltammetry was used to measure and compare the electrochemical 
performance of supercapacitor cells assembled with SWCNT aerogel electrodes and CDC 
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electrodes. At a low scan rate of 0.005 V/s, CV curves of the cell with CDC electrodes 
exhibit a rectangular shape, characteristic of good double layer performance (Figure 
4.1.1a). However, as the scan rate is increased to 0.05 and 0.1 V/s, the effect of series 
resistance in cell behavior becomes more prominent, as evidenced by the rounding of the 
curves at regions of scan inversion. At scan rates higher than 0.1 V/s CDC cells show a 
completely resistive behavior as evidenced by the non-rectangular CV curve. Figure 4.1.1b 
shows the CV curves of the cells assembled with SWCNT aerogel electrodes. In this case, 
even at high scan rates of up to 1 V/s CV curves show a distinct rectangular shape. At scan 
Figure 4.1.1 Electrochemical characteristics of EDLCs with CDC and SWCNT aerogels as electrodes in 
EMIM-TFSI RTIL electrolyte. (a-b) Cyclic voltammograms and (c-d) galvanostatic charge/discharge of 
cells with CDC (a, c) and SWCNT aerogel (b, d) electrodes.    
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rates of 2 V/s and above, the CV curves show their resistive contribution but overall remain 
very capacitive at these very high rates (up to 10 times the rate of the CDC device). This 
difference in capacitive behavior of the cells is summarized in Figure 4.1.2a, where the 
specific capacitances are plotted at different scan rates and are also compared with specific 
capacitance data of similar cells assembled with AC electrodes.  
The CDC films, which were fabricated for optimized performance with EMI-TFSI, 
have a higher specific capacitance at low scan rates, which is expected based on their pore 
structure and higher specific surface area. At a scan rate near ~0.04 V/s, the capacitance 
for both systems is equal and the two curves intersect. Beyond this low scan rate, CDC’s 
specific capacitance drops sharply to almost zero at a rate of 1 V/s. The capacitance of the 
SWCNT aerogel device, however, remains consistent until about 1 V/s, which supports the 
high rate performance expected for open surface carbon materials. As another porous 
carbon with an even higher surface area, the AC electrode yields the highest capacitance 
of the three materials at low scan rates (Figure 4.1.2). However, it follows the trend of CDC 
Figure 4.1.2 Summary of cyclic voltammogram (a) and galvanostatic (b) results for SWCNT aerogels, 
CDC, and AC electrode materials.   
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electrodes, dropping significantly at around 0.2 V/s, falling below the SWCNT electrode 
curve. AC, which is used in commercial EDLC devices, is known for a higher capacitance 
but here we see evidence of its lackluster performance at high rates, suggesting that if we 
are to use IL electrolytes, these SWCNT structures are much better for high power 
applications than commercial ACs.  
Galvanostatic cycling tests also confirm this vast difference in rate performance for 
the two different electrode materials, which can be observed in the vertical drop in voltage 
at the beginning of the discharge, also known as IR drop. Since this potential drop is a 
function of the resistance (R) and current (I), and at low current densities (0.1, 0.5, 1.0 A/g) 
the potential drop is < 0.1 V, we can conclude that the CDC electrodes exhibit a low 
resistance (Figure 4.1.1c). At 5 A/g the drop increases to more than 0.5 V which is large 
enough that the total capacitance is negatively affected. As before, the same galvanostatic 
data is shown for the SWCNT aerogel electrode in Figure 4.1.1d. Again the drop is < 0.1 V, 
but this time up to a high current density of 30 A/g. Even at this very high rate, the potential 
drop remains at 0.25 V and does not reach 0.5 V before a current density of 60 A/g. The 
specific capacitances of the electrodes calculated from the slope of the discharge curves is 
plotted for both systems as a function of rate from the galvanostatic results in Figure 4.1.2b. 
The specific capacitance of the CDC electrodes again drops immediately with increasing 
rate while the SWCNT aerogel system maintains most of its capacitance through 30 A/g 
which is consistent with the results from CV. The rate performance of up to 1 V/s in CV 
or 30 A/g  in galvanostatic cycling tests can be attributed to the open surface structure, 
which supports quick charge-discharge rates. These rates are significantly higher than 
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charge and discharge rates of typical supercapacitors made with conventional materials, 
which are reported to charge at rates on the order of 20 mV/s and 2 A/g.129 
Electrochemical impedance spectroscopy provides further information about the 
two materials including the resistance of the device and the time constant for charging and 
discharging. In Figure 4.1.3a, the standard Nyquist plots can be used to reveal the resistive 
behavior of supercapacitors at high frequencies where the curves cross the x-axis and the 
capacitive behavior at low frequencies, where the points become a straight and almost 
vertical line.113 Seen more clearly in the inset, the CDC device curve is much less vertical 
and has a larger semicircle than that of the SWCNT aerogel. The shape of the curves at 
lower frequencies can be explained by Figures 4.1.3b and 4.1.3c, which show the 
Figure 4.1.3 Frequency response of EDLCs with CDC and SWCNT aerogels as electrodes. (a) Nyquist 
plot of EDLCs with both CDC and SWCNT aerogel electrodes. Real and imaginary capacitance for 
cells with (b) CDC and (c) SWCNT aerogel based electrodes.  
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relationship of real and imaginary capacitances to frequency for both materials. The 
capacitance of the device is given by the maximum point of the real capacitance, which for 
the CDC is more than 20 times higher than the SWCNT, which is consistent with the high 
surface area and greater mass loading of the porous CDC. The imaginary part reaches a 
maximum at a specific frequency f0 which is used to determine the time constant τ0 = 1/f0. 
This relaxation time is much lower for the SWCNT aerogel, at about 0.3 seconds, while 
the CDC has a time constant on the order of 30 seconds. These results confirm the earlier 
conclusions made from CV and GC data that the SWCNT can charge and discharge over 
much shorter times and is potentially a good candidate for high frequency applications.  
While it is clear that the device made with SWCNT aerogel electrodes is able to 
charge and discharge quickly, it is also necessary for an energy storage device to repeat 
this over many cycles. Galvanostatic cycling at 6.75 A/g over 10,000 repeated cycles was 
used to test the lifetime stability of the aerogel’s capacitance over a 2.5 V voltage window. 
Figure 4.1.4 (a) Stability of SWCNT aerogels as EDLC electrodes. Galvanostatic results for the SWCNT 
sample’s capacitance (black) and resistance (blue) over 10,000 cycles. Device is cycled to 2.5 V at a rate 
of 6.75 A/g. (b) Ragone plot of CNT-based electrochemical energy storage devices including batteries 
and supercapacitors. 150–158 
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Figure 4.1.4 shows that after a few cycles in which the capacitance settles at ~46 F/g, the 
device retains 92% of the initial capacitance after 10,000 charge and discharge cycles, a 
very promising retention rate for EDLCs, which are to be highly cycled in applications. 
Additionally, the resistance remains at about 2.5 Ω·cm2 and does not increase with cycling. 
4.1.3 Conclusion  
 Using an ionic liquid electrolyte with a novel electrode material, we have 
shown that the resulting system shows very high rate performance and long-term stability 
compared to previously studied materials such as CDC and AC. Because of their 
mechanical properties, the SWCNT aerogels are especially suited for use as a backbone for 
flexible electrode materials. They can also potentially be scaled into thick, 3-D electrodes, 
which would allow for the progression away from the demonstrated thin-film performance. 
It is apparent that ionic liquids are excellent electrolyte options for nonporous materials 
with accessible surface areas such as the SWCNT aerogels. However, as only one ionic 
liquid electrolyte was tested, it is important to understand the effect of changing the ion 
size on the performance of the supercapacitor.  
4.2 Cation Size Effect on OLC 
4.2.1 Methods 
 Preliminary tests suggest that ionic liquids exhibit a performance in supercapacitors 
that is on par with other electrolytes such as aqueous and organic solutions. However, there 
is a wide spectrum of ionic liquids that are made up of different combinations of cation and 
anions, and this catalogue is continuously expanding. The next question to answer is 
whether a small change in ion size can drastically effect the performance of the ionic liquid. 
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This could reveal important information for understanding what features make up the ideal 
ionic liquid for energy storage applications. To again remove the effect of pore sizes and 
to gain a clearer understanding of the simple effect of ion size, nonporous onion-like carbon 
was chosen as the model electrode materials with a highly accessible surface area for ion 
adsorption. In order to investigate the influence of the cation type, we use the same anion 
but three different cations in this study. The ionic liquids used were 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [EMIM+][TFSI-], 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [HMIM+][TFSI-], and 1,6-bis(3-
methylimidazolium-1-yl) bis(trifluoromethylsulfonyl)imide [BMIH2+][TFSI-]2. Both 
[EMIM+] and [HMIM+] ions are monovalent (+1 charge), while [BMIH2+] is divalent (+2 
charge) and significantly larger in size. Measurements were taken at four different 
temperatures to explore its effect on the performance of the ILs containing different sized 
cations.  
4.2.2 Results and Discussion 
The electrochemical performance for [EMIM][TFSI] in Figure 4.2.1 shows cyclic 
voltammograms normalized to their respective scan rates to present specific capacitance 
Figure 4.2.1 Cyclic voltammograms of [EMIM][TFSI] at (a) 5 mV s-1 (b) 100 mV s-1 and (c) 500 mV s-1 for 
all four temperatures. Temperatures include 20 °C, 40 °C, 60 °C, and 80 °C. 
P a g e  | 49 
 
vs. voltage. The results at 5 mV s-1 (Fig. 4.2.1a) show similar performance for 20, 40 and 
60 °C, with their shapes being highly rectangular. At a higher temperature of 80 °C, an 
increase in capacitance (current) at higher voltages in the cathodic region indicates a 
decomposition of the IL. As a result of the reaction in the cathodic region, there is a delay 
in the current response in the anodic portion of the CV at 80 °C. At higher scan rates 
(Fig. 4.2.1b-c) and at 80 °C, the cathodic reaction at higher voltages is minimized because 
the voltage sweep is faster than the reaction kinetics. Because the reaction time constant is 
large, the kinetic-limited process cannot occur within the limited time at higher charge-
discharge rates. The shape of the CV at the highest scan rate, 500 mV s-1 (Fig. 4.2.1c), 
remains highly rectangular at all temperatures for [EMIM][TFSI]. 
The performance of [HMIM][TFSI] at low scan rates (Fig. 4.2.2a) resembles 
[EMIM][TFSI] (Fig. 4.2.1a). At temperatures of 20, 40, and 60 °C, [HMIM][TFSI] has a 
highly capacitive, rectangular CV shape, while 80 °C shows a similar spike in the cathodic 
region and a delay in the anodic region due to chemical reactions above 2 V. At 100 mV s- 1, 
the cathodic current at high voltage scales with temperature. The CV curve at 80 °C is more 
resistive (lower slope) as the current changes polarization in the discharge curve. At the 
Figure 4.2.2 Cyclic voltammograms of [HMIM][TFSI] at (a) 5 mV s-1 (b) 100 mV s-1 and (c) 500 mV s-1 for 
all four temperatures. Temperatures include 20 °C, 40 °C, 60 °C, and 80 °C. 
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highest charge-discharge rate of 500 mV s-1 (Fig. 4.2.2c), [HMIM][TFSI] has a more 
resistive CV curve at 20 °C compared to the CV curve of [EMIM][TFSI] at 20 °C 
(Fig. 4.2.1c). The larger cation with the longer alkyl chain, [HMIM][TFSI], experiences a 
larger ionic resistance which leads to a poorer performance at faster charge-discharge rates. 
Increasing the temperature (40 and 60 °C) reduces the ionic resistance, causing the shape 
of the CV at 500 mV s-1 (Fig. 4.2.2c) to be more capacitive than at room temperature. 
Of the three cations we investigated, [BMIH] is the largest in size due to its 
dicationic structure. Additionally, it exhibits the most resistive CV curves out of the three 
ILs (Fig. 4.2.3). The results reported are for a potential window of 2 V since the electrolyte 
decomposition starts beyond this value at 20 °C.131 [BMIH] is the only cation to 
consistently exhibit this decomposition between 2 and 3 V, especially at 80 °C. With the 
reduced potential window, the CV curves for all temperatures at 5 mV s-1 are highly 
capacitive (Fig. 4.2.3a). The effect of the large cation becomes evident when the scan rate 
is increased to 100 mV s-1 (Fig. 4.2.3b). At this rate, the CV curve at 20 °C is highly 
resistive, with almost no capacitance. This behavior is substantially worse than that for 
Figure 4.2.3 Cyclic voltammograms of [BMIH][TFSI] at (a) 5 mV s-1 (b) 100 mV s-1 and (c) 500 mV s-1 for 
all four temperatures. Temperatures include 20 °C, 40 °C, 60 °C, and 80 °C. 
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[EMIM][TFSI] (Fig. 4.2.1b) and [HMIM][TFSI] (Fig. 4.2.2b) under the same conditions. 
Elevating the temperature to 40, 60, and 80 °C reduces the ionic resistance, returning the 
curve to the desired rectangular shape and increasing the capacity. At the highest scan rate, 
500 mV s-1, the CV curve at 20 °C is almost completely resistive (Fig. 4.2.3c). Even at 
higher temperatures, the curves are highly resistive indicating the cation’s limit for a 
charge-discharge rate. 
In Figure 4.2.4, the capacitive performance as a function of temperature evaluated 
from cyclic voltammetry is summarized at different scan rates. Comparison of Figures 
4.2.4a, b, and c reveals a trend in capacitance among the three ILs. As the cation increases 
in size from EMIM to BMIH, the capacitance is generally lower for all corresponding 
temperatures and scan rates. This can be attributed to the higher ionic resistance that is 
characteristic of the larger, more viscous, and less conductive cations.132–134 It is also the 
reason for the resistive CV curves observed for [BMIH][TFSI] in Figure 4.2.3. Another 
interesting feature revealed in Figures 4.2.4a and 4.2.4b is the sharp decline in capacitance 
at 5 mV s-1 and 80 °C. Since the capacitance is calculated from the integral of the CV 
Figure 4.2.4 The capacitance as a function of temperature for (a) [EMIM][TFSI] (b) [HMIM][TFSI], and 
(c) [BMIH][TFSI] taken from the cyclic voltammograms at a range of scan rates. 
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discharge curve, this decrease can be attributed to the delay in current response discussed 
earlier for [EMIM][TFSI] and [HMIM][TFSI] (Figs. 4.2.1a and 4.2.2a). The change in the 
shape of the discharge curve reduces the area, thereby reducing the capacitance. In general, 
the behavior of the ILs at high scan rates is limited at 80 °C, shown by last point on the 
curves in Figure 4.2.4. It has been reported for similar ionic liquids that as the temperature 
is increased, the size of the stable potential window decreases.131 For example, the cathodic 
limit for [EMIM][TFSI] is 1.55 V at 60 °C, and since the OCV potential of the cells are 
very close to zero, the cathodic potential for all experiments is about 1.5 V. Since this 
window decreases with increasing temperature, when the cell is tested at 80 °C, the window 
is even smaller and therefore less than the tested 1.5 V. Since the IL is not stable at this 
potential window, it will experience decomposition (discussed later) at voltages past the 
limit. In this case, we observe the capacitive effects of decomposition at 80 °C in the form 
of a drastic increase in the system’s capacitance.131 Due to the reduced potential window 
for the [BMIH][TFSI] tests, this reaction does not occur which is consistent with the curve 
at 5 mV s-1 in Figure 4.2.4c. Unlike [EMIM] and [HMIM], [BMIH] does not exhibit a sharp 
decrease in capacitance at 80 °C because for all temperatures, the cathodic potential was 
reduced to 1 V, which is less than the limit at all temperatures. 
As stated before, with a net potential window of 3 V, the stability window of each 
electrode is variable especially at higher temperatures.131 Surpassing the stability window 
of an ion can lead to decomposition of that ion on its corresponding electrode. It has been 
shown that when [TFSI] experiences a potential higher than its stability limit, reaction 
products form on the electrode surface, resulting in the formation of a solid electrolyte 
interphase (SEI) layer on the cathode.135 While this predominantly occurs in lithium ion 
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batteries, the behavior of the ion is similar, forming an SEI layer on the carbon electrode.135 
The exact reaction products are unknown for this system and although it is beyond the 
scope of this study, SEI formation in carbon supercapacitors warrants further investigation.  
In addition to cyclic voltammetry, impedance spectroscopy can also confirm these 
trends observed in the three ILs at varying temperatures (Fig. 4.2.5). Figures 4.2.5a and 
4.2.5b show the Nyquist plots for [EMIM][TFSI] and [HMIM][TFSI] at different 
temperatures. Since the ionic resistance is higher for ILs at room temperature, we can see 
that the value of the “knee frequency” in the mid-frequency range is lowest at low 
temperatures. Features of the EIS plots, specifically the appearance of a semicircle at high 
frequencies,136 in Figures 4.2.5a and 4.2.5b indicate the formation of an SEI layer which is 
further evidence for the electrolyte decomposition revealed in Figure 4.2.1a. The 
comparison of EIS Nyquist plots before and after all the cycling tests for [HMIM][TFSI] 
in a 3 V window yields further proof of SEI layer formation (Fig 4.2.6). As temperature 
increases, the value of the knee frequency decreases and the x-intercept also moves closer 
to 0, which indicates a decrease in electronic resistance of the system. However, the test at 
Figure 4.2.5 The Nyquist plots of impedance spectroscopy for (a) [EMIM][TFSI] (b) [HMIM][TFSI], and 
(c) [BMIH][TFSI] for all four temperatures. The plots shown are zoomed in to better show the effect of 
temperature on the shape of the curves. 
P a g e  | 54 
 
80 °C appears to have the highest electronic resistance, which verifies the SEI formation 
that occurs at high temperatures. Since the tests were performed in order of increasing 
temperature, this indicates that cycling at 60 °C began the process of decomposition, 
affected the following EIS test and the entire group of 80 °C tests.  The high temperatures 
cause the anion [TFSI] to deposit reaction products forming an SEI layer on the carbon 
electrode. This additional electronically insulating layer on the cathode increases the 
electronic resistance of the system,137 corresponding to the x-intercept of the EIS curve. In 
addition to the total electronic resistance, an interfacial resistance is added between the 
components of the device due to the deposited film on the carbon electrode. This is 
represented by the appearance of a semicircle that accompanies the change in x-intercept 
of the Nyquist plots. The noticeable changes in the EIS plots at higher temperatures all 
suggest the formation of an SEI layer due to the anion reaction at potentials greater than 
the high temperature stability window. Finally, for [BMIH][TFSI] (Fig. 4.2.5c), the 
Nyquist plot for 80 °C does not indicate similar changes in the electrolyte chemistry 
Figure 4.2.6 HMIM EIS data for 60 °C and 80 °C before and after the full set of cycling tests. A resistive 
SEI layer, indicated by a semicircle in the plot, develops significantly after cycling at 80 °C. 
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because the reduced voltage window removed any possible decomposition of the 
electrolyte. As a result, the electronic and interfacial resistance is not negatively affected 
at this high temperature as in [EMIM][TFSI] and [BMIH][TFSI].  
4.2.3 Conclusion 
 Electrochemical performance and stability of three ILs with varying cations 
and identical anion ([EMIM][TFSI], [HMIM][TFSI], and [BMIH][TFSI]) was investigated 
as a function of temperature using OLC as the electrode material. It was found that the 
capacitance decreases and the ionic resistance increases as cation size increases, meaning 
EMIM had the highest capacitance and lowest ionic resistance, while BMIH had the lowest 
capacitance and the highest ionic resistance. All three ILs showed better performance as 
temperature was increased up to 60 °C. Decomposition of the [TFSI] anion due to voltage 
stability window limitations at temperatures at or above 80 °C resulted in the formation of 
an SEI layer on the carbon surface. This causes a decrease in capacitance and an increase 
in interfacial and electronic resistance for the system which is confirmed by multiple 
electrochemical techniques. One observation that remains is the apparent limited voltage 
window compared to the predicted values for these ionic liquids which are ~ 4 V.  
4.3 Asymmetry of Ionic Liquids on OLC 
4.3.1 Methods 
 Our model system consists of onion-like carbon105 electrodes and two 
commercially available IL electrolytes, pure or mixed in different ratios. OLC has an open 
surface structure, which is free from micropores. By using OLC, we eliminate the effect of 
pore size relative to electrolyte ion size on the capacitance of the electrodes105,138–140 and 
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also eliminate transport limitations in a microporous carbon network.98,138 Symmetric cells 
were first assembled using two identical OLC electrodes and 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI)74 as the electrolyte. By applying a testing 
method that is further explained in the supporting information, we monitored the cyclic 
voltammetry response of the full cell and the individual electrodes at potential windows of 
2.5V, 3V, and 3.5 V. 
 
Figure 4.3.1 Cyclic voltammograms for cells assembled with EMIM-TFSI electrolyte showing the response 
of the whole cell (black line) and also individual electrodes. (a) A standard plot at OPW of 2.5 V, (b) same 
as (a) with the reverse current (y) axis for better visual comparison of cation and anion response. CV 
responses are also plotted for OPWs of (c) 3.0 V and (d) 3.5 V. All CV scan rates are 10 mV/s. 
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4.3.2 Results and Discussion 
Figure 4.3.1a shows the CV results for a 2.5 V voltage window plotted for the full 
device (black) as well as the individual electrodes (negative electrode in red and positive 
electrode in blue). To make the comparison of the CVs easier, this plot was modified by 
flipping the direction of the y-axis for the negative electrode. When the OPW was set to 
2.5 V (Fig. 4.3.1b), a typical butterfly shape for CV was observed with no sign of 
electrolyte decomposition or any side reactions. As shown in Fig. 4.3.1c, when the voltage 
is increased to 3.0 V, there is a slight evidence of electrolyte decomposition with the sudden 
increase of current near the low and high potential limits and the appearance of a small 
hump in the middle of the potential range. At a wider OPW of 3.5 V, definite reaction 
peaks confirm electrolyte decomposition (Fig. 4.3.1d). From these experiments, we can 
conclude that the maximum OPW for EMIM-TFSI electrolyte is less than 3.0 V. It is also 
evident that the identical electrodes show different responses toward the anion and cation 
of the electrolyte, as the working (positive) electrode operates at a wider potential window 
compared to the counter electrode resulting in an asymmetric shape of CVs for the two 
electrodes. Since the electrodes are identical, the different behavior of negative and positive 
electrodes is clearly a result of the different interactions (double layer structure) that the 
two electrodes have with the different ions. Therefore, we can conclude the asymmetric 
performance and resulting limited OPW is related to the electrolyte’s different ions. 
Increasing asymmetry with the scan rate suggests that differences in ion mobility may be 
responsible for this behavior, but other factors such as the size and shape of the ions and 
their interactions with carbon surfaces may affect the symmetry as well (Fig. 4.3.3).  
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 To confirm the relation of this behavior to properties of the electrolyte, we repeated 
the experiment with another commercially available IL, namely EMIM-BF4, as well as 
different mixtures of the two electrolytes. Note that the cations are the same in the two 
electrolytes (EMIM+) and the two anions are very different in their size, shape, and in their 
constituent components (Fig. 4.3.2g-i).  The two electrolytes were mixed by adding EMIM-
BF4 to EMIM-TFSI at 10, 20, 50, and 80 vol. %. Figure 4.3.2 shows the CV curves at 
different scan rates for pure electrolytes and the mixtures. In all six plots, the CVs for 5, 
10, and 20 mV/s at a cell voltage of 2.5 V are shown for the individual electrodes. The 
Figure 4.3.2 Cyclic voltammograms for cells assembled with mixtures of EMIM-TFSI and EMIM-BF4 with 
different volumetric percentages of EMIM-BF4: including (a) 0%, (b) 10%, (c) 20%, (d) 50%, (e) 80%, and 
(f) 100%. Operating potential window in all cases is 2.5 V and three scan rates are shown (5, 10, and 20 
mV/s). Models of ions contained in the ionic liquid electrolytes used in this study, including (g) EMIM+, 
(h) TFSI-, and (i) BF4-. 
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asymmetry for pure EMIM-TFSI can be seen 
in Figure 4.3.2a, where the negative electrode 
(red) operates at a higher potential than the 
positive electrode (blue) for all CV scan rates. 
As discussed above, this suggests that the 
cation-negative electrode combination results 
in less charge, requiring the electrode to 
compensate with a higher potential.  Figure 
4.3.2f shows the same results for pure EMIM-BF4, where the same trend of higher negative 
electrode potential is evident. The different IL mixtures are shown in figures 4.3.2b-e 
where the plots are presented with increasing concentration of EMIM-BF4. A few 
interesting observations can be made from these CV results. Figure 4.3.2d shows the CV 
curves for the case of the electrolyte with 50% EMIM-BF4 and the plot appears to be similar 
to the CV of pure EMIM-TFSI in terms of negative and positive electrode symmetry, where 
the negative electrode operates at the higher potential. Conversely, CVs for the case of the 
electrolyte with 80% EMIM-BF4 (Fig. 4.3.2e) show the opposite effect, suggesting that for 
this electrolyte, the negative electrode operates at a lower potential than the positive 
electrode. Finally, the CV curves for the other two electrolytes with 10% EMIM-BF4 
(Fig. 4.3.2b) and 20% EMIM-BF4 (Fig. 4.3.2c) visually appear to be the most symmetric 
of all the mixtures, with the 20% being the best overall. This suggests that by adding a 
small amount of the new anion to the original, we were able to change the resulting 
symmetry of the device’s two electrodes. A quantitative analysis of the symmetry of CVs 
for the different electrolyte mixtures is shown in Figure 4.3.3, where the ratio of the positive 
Figure 4.3.3 Plot showing the ratio of working 
electrode potential to counter electrode potential. 
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electrode potential over the negative electrode potential is plotted versus the CV scan rates 
for all concentrations. This plot also confirms that the electrolyte mixture with 20% EMIM-
BF4 has a negative to positive electrode potential ratio closest to 1, especially at low scan 
rates.  
 To confirm that the symmetric working potentials of the positive and negative 
electrodes will result in a higher OPW of the device, cyclic lifetime tests were performed 
at an elevated working potential of 3.5 V on symmetric cells assembled using the two pure 
electrolytes and the best performing mixed electrolyte (20% EMIM-BF4). The charge and 
discharge tests were performed for 10,000 cycles and the capacitance and resistance of the 
Figure 4.3.4 Cyclic performance over 10,000 cycles for cells assembled with EMI-TFSI, EMI-BF4, and the 
20% EMI-BF4 mixture, showing (a) electrode capacitance and (b) resistance changes during cycling. 
(c) Nyquist plots for all cells before (solid lines) and after cycling (dashed lines).   
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cells were calculated for each cycle and shown in Figures 4.3.4a and 4.3.4b, respectively. 
It is clear from both figures that 3.5 V is beyond the stability window for EMIM-TFSI since 
after 10,000 cycles the cell that uses this electrolyte retains only 20% of its initial 
capacitance with almost six-fold increase in resistance. The device using the pure EMIM-
BF4 electrolyte performs much better as it retains 80% of its capacitance, reaching its cycle 
life limit, and shows a two-fold increase in resistance. Finally, the cell assembled with the 
IL mixture containing 20% EMIM-BF4 performs the best, retaining more than 95% of its 
capacitance and showing a very small increase in resistance of about 1 Ω cm2. These tests 
show that an OPW of 3.5 V is much larger than the stability window of EMIM-TFSI 
electrolyte, but when 20% of EMIM-BF4 is added, the cell can operate at this wider voltage 
window for a much longer time. As explained before, the main reason for this behavior is 
the symmetry of the two electrodes’ OPWs, which is a result of balancing the amount of 
charge stored by the electrodes.  The behavior of the cells with different electrolytes was 
also compared using impedance spectroscopy141 and the results are shown in Figure 4.3.4c. 
The solid lines show the Nyquist plots of the cells before cycling, noticeably the same for 
all three electrolytes. While the shape of the plot for the 20% mixture remains the same, 
aside from slight increase in resistance shown by increase in the x-intercept of the plot, the 
other two plots exhibit changes confirming electrolyte degradation. For the cell with EMI-
TFSI as the electrolyte, the appearance of a larger semicircle at high frequencies after the 
cycling tests indicates an increase in interfacial resistance of the cell due the electrolyte 
degradation. The cell with EMI-BF4 as the electrolyte also shows an increase in the size of 
the semicircle. These results confirm that the IL mixture is more stable at high OPWs 
compared to the individual ILs.  
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4.3.3 Conclusion 
By mixing the two pure ILs, a new electrolyte is created that shows properties 
different from its constituents.61 The electrochemical studies in this work show that the 
cations and anions of the pure IL electrolytes exhibit different behaviors when used in a 
symmetric supercapacitor. This can be attributed to the different size, molecular weight or 
diffusion coefficient of the ions in the electrolyte. One of the important consequences of 
this different behavior of ions, as was shown in this study, is the asymmetric charge storage 
in the two identical electrodes of a symmetric supercapacitor, which results in a lower OPW 
of the cell, limiting the energy density.  Here, we showed, for the first time, that by using 
an IL mixture, a balanced charge storage can be achieved in the cell and the OPW of the 
supercapacitor can be increased. This finding opens a door for further improvement of the 
energy density of supercapacitors. One possibly improvement could be the integration of 
computation into these systems, allowing the prediction of the optimum ionic liquid 
mixture concentration for a given electrode material.  
4.4 Model-Driven Design of Ionic Liquid Mixture Electrolytes 
4.4.1 Methods 
As in previous work,120,121 we use the primitive model of electrolytes to represent 
RTILs which is described in detail in Chapter 3. Figure 4.4.1 shows a schematic 
representation of our model ionic system. Here, cations and anions are charged hard 
spheres, and the electrode is represented by a planar surface. Throughout this work, both 
cations and anions are assumed monovalent (Zi = +1 and -1) as is the case for EMIM+, 
TFSI−, and BF4−. The diameter of cations (EMIM+) is fixed at σ+ = 0.5 nm, and the 
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diameters of anions are 0.6 and 0.3 nm for 
TFSI− and BF4−, respectively. The effective 
diameters were estimated from their molecular 
volumes optimized by Dmol142 module of 
Materials Studio version 7.0.143 For all 
mixtures, the total number density is 2.32 nm−3 
for both cations and anions, and the overall 
charge neutrality is imposed for the entire 
electrochemical cell.118 As in standard EDL 
theories, the electrode is modeled as a rigid planar wall. The model is a simplification of 
the external surface of an onion-like carbon electrode, as was used in the experimental 
investigation of RTIL mixture effects.144 The OLC particles have a spherical shape with a 
diameter between 5 and 10 nm and are free of micropores.94,138,144 It has been shown with 
molecular dynamics simulation that the curvature effect on the OLC-EDLCs is relatively 
insignificant when the particle size is beyond several nanometers.93 Therefore, the planar 
model mimics the OLC-EDLCs studied experimentally. The charged wall exerts an 
external potential on each ion given by: 
𝑉𝑖(𝑧) =  {
−
2𝜋𝑍𝑖𝑒𝑄𝑧
𝜀0
,             𝑧 ≥
𝜎𝑖
2
∞,                           𝑧 <
𝜎𝑖
2
    (Eq. 4.4.1) 
where Q stands for the surface charge density and z is the perpendicular distance. We 
calculate the ion distributions and subsequently the capacitance using CDFT.145 At a given 
temperature, T, and a set of ion concentrations in the bulk, ρi0, CDFT predicts the ion 
distributions near the electrode surface, shown in Eq. 3.4.2. The analytical expression for 
Figure 4.4.1 Schematic representation of a 
RTIL mixture near the electrode surface. In 
the coarse-grained model, cations and anions 
are represented as charged hard spheres of 
different diameters and the electrode surface 
has a planar geometry. 
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Δμiex(z) and numerical details for CDFT calculations have been reported in previous 
work.121 Briefly, Eq. 3.4.2 and Eq. 3.4.3 are solved self-consistently with the boundary 
conditions for the electrical potential 
ψ(0) =  ψ;  ψ(∞) = 0    (Eq. 4.4.2) 
In the CDFT calculations, the electric potential at the electrode surface, ψ, is assumed to 
be constant. The charge density, Q, is calculated from the condition of overall charge 
neutrality. To solve Eq. 3.4.2 and Eq. 3.4.3, we start with an initial guess for the ionic 
density profiles, ρi (z). The local excess chemical potential for each ionic species and the 
local electrical potential, Δμiex(z) and ψ(z), are then calculated from the ionic density 
profiles. Next, a new set of ionic density profiles are obtained from Eq. 3.4.2, and the 
procedure repeats until convergence (|Δρi /ρi0 | < 10−4 at all positions). Once we have the 
ion distributions and the electrical potential profiles, we calculate the surface charge 
density (Q) and the integral capacitances from: 
𝑄 =  − ∑ 𝑍𝑖𝑒 ∫ 𝑑𝑧 𝜌𝑖(𝑧)
∞
0𝑖
    (Eq. 4.4.3) 
 
𝐶 = 𝑄/(ψ − PZC)     (Eq. 4.4.4) 
where PZC stands for the potential of zero charge. In parallel to the theoretical 
investigations, we performed an experiment on the effects of ionic composition on the 
capacitance of OLC-EDLCs. As in previous work,98,138,144 a symmetric supercapacitor 
device was tested with two identical OLC electrodes in a traditional sandwich setup. The 
electrodes were ∼100 μm thick and 12 mm in diameter, and their weight was in the range 
of 9−10 mg of OLC per electrode. Electrochemical characterization was performed on a 
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VMP3 potentiostat/galvanostat 
(Bio-Logic) using cyclic 
voltammetry to measure the 
performance. The capacitance is 
calculated according to Eq. 3.2.1.  
4.4.2 Results and Discussion  
To illustrate the mixture 
effects on EDL performance, we 
consider first the ion distributions 
and surface charge densities for 
EMIM-TFSI-BF4 mixtures at various electric potentials. Figure 4.4.2 shows the CDFT 
predictions for the surface charge density versus the electrode potential for different mole 
fractions of EMIM-BF4, x. While the surface charge density rises monotonically with the 
electrode potential, we observe a notable change of the curvature at various EMIM-BF4 
Figure 4.4.3 (a) Calculated integral capacitance for the positive, negative, and total electrodes when the 
operating potential window (OPW) is fixed as 3.0 V. (b) Experimental results for a symmetric supercapacitor 
operating at 3.0 V. The electrode capacitance is shown as a function of the concentration of the RTIL mixture 
for different scan rates. 
Figure 4.4.2 Charge density as a function of the electrode 
potential at several compositions of the EMIM-TFSI-BF4 
mixture. Here, x represents the mole fraction of EMIM-
BF4 in the RTIL mixture; x = 0 means pure EMIM-TFSI, 
while x = 1 is for pure EMIM-BF4. 
P a g e  | 66 
 
contents. Different from previous studies of symmetric ionic systems (cations and anions 
have the same size and absolute valence),118,119,121 the Q−ψ curves are noticeably 
asymmetric for RTIL mixtures. Interestingly, the potential of zero charge (PZCs) for pure 
EMIM-TFSI and pure EMIM-BF4 are positive and negative, respectively. The sign of the 
PZC can be explained in terms of the asymmetry between the diameters of cations and 
anions, i.e., near a neutral electrode larger ions are distributed closer to the surface than 
smaller ions. Increasing the composition of EMIM-BF4 in the RTIL mixture shifts the PZC 
from slightly positive to neutral or negative. For the positive electrode, introduction of 
EMIM-BF4 to EMIM-TFSI results in a dramatic increase of the surface charge density due 
to smaller (BF4−) anions accumulated near the positively charged surface.  
We now consider how the EDLC capacitance changes with the content of the 
smaller anions at the same applied potential. Here, the voltages of cathode and anode are 
fixed at 1.5 and −1.5 V, respectively. Figure 4.4.3a presents the integral capacitance of 
individual electrodes C+ and C−, and that of the entire cell, CT. Figure 4.4.3a reveals that 
the integral capacitance for both the positive and negative electrodes first increases upon 
the addition of EMIM-BF4 until a peak is achieved at around x = 0.25, and a further increase 
of the EMIM-BF4 concentration reduces the capacitance. A similar trend is observed for 
the total integral capacitance. The maximum capacitance for CT at x = 0.25 is ∼45% higher 
than that of pure EMIM-TFSI and ∼15% higher than that of pure EMIM-BF4.  
To study the concentration effect experimentally, we performed cyclic voltammetry 
measurements for onion-like carbon electrodes in contact with EMIM-TFSI-BF4 mixtures 
of different anion compositions. Figure 4.4.3b shows the experimental results for the 
integral capacitance of the OLC-EDLC at different scan rates. As expected from the 
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supercapacitor performance, the capacitance decreases with increasing the scan rate for all 
mixture concentrations. The concentration effect becomes more pronounced at slower scan 
rates, most likely because the system has more time to organize different ions and optimize 
the charge stored. Additionally, the lower scan rates are better for comparing to the DFT 
calculations because the systems are closer to equilibrium. In all cases, the differential 
capacitance exhibits a volcano curve similar to that predicted by the theory, with the peak 
capacitance occurring at x = 0.2. At both higher and lower values of x, the capacitance 
decreases. Apparently, the theoretical predictions corroborate experimental results that the 
RTIL mixture with 20% EMIM-BF4 and 80% EMIM-TFSI gives the best capacitive 
performance for the OLC electrodes. The device capacitance predicted by CDFT is 5−8 
μF/cm2 at equilibrium, which agrees well 
with the experimental results (∼6 μF/cm2) at 
low scan rates and is larger than the 
experimental value at high scan rates. As 
shown in Figure 4.4.3, the local maximum is 
about 20% higher than that expected from a 
linear interpolation of capacitance versus 
composition. Given the extremely simplified 
model we used for the EMIM-TFSI/EMIM-
BF4 mixtures, the quantitative agreement 
between the experiment and our CDFT 
results is quite remarkable.  
Figure 4.4.4 Distributions of cations (red line 
for EMI) and anions (green line for BF4 and 
blue line for TFSI) in EDLs of pure and mixed 
RTILs near a positive surface with ψ − PZC = 
1.5V: (a) x = 0, (b) x = 0.25, and (c) x = 1. 
Inserts are schematics of the EDL structures. 
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Why is there a volcano-
shaped trend in the capacitance 
versus electrolyte composition 
curves? To answer this question, we 
analyze the EDL structure for the 
pure RTILs and for the ionic 
mixtures. Figure 4.4.4 shows the 
density profiles of cations and anions 
for the pure RTILs and for the ionic mixture that yields the maximum overall capacitance 
(viz., x = 0, 0.25, and 1.0) near a positively charged surface (ψ − PZC = 1.5V). As expected, 
the EDL structure consists of a strong layer of counterions in contact with the surface (blue 
peak for TFSI and green peak for BF4 in Figure 4.4.4). For pure EMIM-TFSI (x = 0), the 
cations and anions have similar ion diameters. In this case, we observe alternating layers 
of cations and anions near the charged surface beyond about 10 times the ionic diameter. 
As indicated in our earlier work,120 formation of the multiple ionic layers can be attributed 
to over-screening and the ionic excluded volume effects, and the layering structure cannot 
be captured by the Poisson−Boltzmann equation or lattice models. Adding small anions 
(BF4−) reduces the number of ionic layers near the surface and makes the layering structure 
less distinctive (Figure 4.4.4b). The concentration effect is also shown in the oscillatory 
integrated charge density (Figure 4.4.5). The oscillation of local electrical charge is reduced 
when the amount of small anions in the bulk is increased. The smaller ions reduce the 
thickness of ionic layers because of the smaller excluded volume and enhanced 
electrostatic interactions. In the ionic mixture, the electrode surface is preferentially in 
Figure 4.4.5 Integrated charge distribution functions for x=0, 
0.25, and 1 near a surface of the surface charge density 
0.1 C/m2 for the ionic mixture. 
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contact with small anions (BF4−), which decreases the effective thickness of EDLs while 
increasing the overall ionic packing density.146–148 As a result, adding smaller anions to 
pure EMIM-TFSI raises the electrical charge at the electrode surface, thus resulting in a 
larger integral capacitance. Similarly, the total contact density of counterions for the RTIL 
mixture is larger than that of pure EMIM-BF4 (x = 1, Figure 4.4.4c), suggesting a better 
capacitive performance than pure EMIM-BF4.  
The enhanced performance of the 
ionic liquid mixture is also evident by 
examining the density profiles of cations and 
anions near a negatively charged surface. As 
shown in Figure 4.4.6, the height and width 
of the first counterion peak is similar for all 
systems modeled at the negatively charged 
surface, because the counterion (EMIM+) is 
the same for the different electrolyte systems. 
This explains why the change of capacitance 
with mixture concentration at the negatively 
charged electrode is not as large as that of the 
positive electrode. Figure 4.4.6 also shows that the total contact density of counterions for 
the mixture is larger than that for pure RTILs, which explains the increased capacitance. 
However, for the pure RTIL with cations and anions of approximately the same size (0.5 
and 0.6 nm, respectively), there is strong alternating cation/anion layering extending at 
least 4 nm from the surface, whereas the increasing addition of the smaller BF4− anions 
Figure 4.4.6 Distributions of cations (red line for 
EMI) and anions (green line for BF4 and blue line 
for TFSI) in EDLs of pure and mixed RTILs near 
a negative surface with ψ − PZC = −1.5V. 
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dampen this long-range oscillation, down to ∼2 D but not for solvents with weaker polarity. 
In other words, we can manipulate the total capacitance and the extent of interfacial 
structuring of electrode−electrolyte systems by controlling the cation−anion size disparity 
and/or by diluting with a polar solvent.  
We can also understand the 
volcano-shaped trend of the capacitance 
versus the composition curve (Figure 
4.4.3) by counting the number of 
counterions (e.g., ions of opposite charge 
to that of the electrode surface) per unit 
area in the region near the electrode where 
the charge over-screening dominates. For 
all systems considered in this work, the region of excess counterion density extends to 
about 0.8 nm from the electrode surface. Figure 4.4.7 shows that, at the same applied 
potential, the EDL contains more counterions when the TFSI anions are partially replaced 
by the BF4− anions. The increased ionic density may be explained in terms of the smaller 
excluded volume of the BF4− anions. More counterions packing on and more co-ions 
leaving from this region in the presence of surface charge lead to a larger EDL capacitance. 
4.4.3 Conclusion 
In summary, we have investigated the influence of electrolyte composition for the 
EMIM-TFSI/EMIM-BF4 mixtures on the integral capacitance and their EDL structures at 
the surface of carbon electrodes using theory and experiment. We find that the alternating 
layering structure can be dampened by the addition of smaller anions because of the 
Figure 4.4.7 Number density of counterions near the 
positive (black) and negative (red) electrode. 
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reduced excluded volume effect and enhanced electrostatic interaction. With realistic 
parameters for the ionic liquids, the theory predicts an optimal composition of the RTIL 
mixtures that yields a maximum integral capacitance, according well with our experimental 
observations. In addition, there is a good agreement between the predicted and 
experimentally measured dependencies of integral capacitance on RTIL composition. 
Although this work is focused on a model system to represent ionic liquid mixtures near 
an onion-like carbon electrode, the theoretical and experimental procedures can potentially 
be extended to tuning RTIL mixtures for porous carbon electrodes. Considering the limited 
parameter space investigated in this work, we expect that the ion concentration effects will 
most likely be more complicated when the electrode structure and ion−surface interactions 
are fully taken into account. We hope that the promising features of the mixture effects will 
invite more systematic experimental validations and further theoretical exploration into the 
complex systems that include porous carbon materials. 
4.5 Conclusion of Model Systems 
 The chosen model systems were successful for investigation ionic liquid 
electrolytes as potential alternatives in EDLCs. As a result, it is apparent that although they 
have a higher viscosity than most other electrolytes, ILs perform well at carbon electrode 
surfaces, specifically when the carbon material is based on accessible outer surface area. 
In this chapter, we studied the effect of highly accessible SWCNT aerogel electrodes for 
IL electrolytes, showing that they do in fact yield a higher rate performance than more 
traditional carbon electrodes such as AC with ILs. Moving to nonporous OLC, we found a 
correlation between performance and the size of the cation, where larger ions exhibited a 
smaller capacitance. This is important for future prediction of which ionic liquids will 
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perform the best in EDLC devices. Finally, the observed potential window limitation was 
rectified using an ionic liquid mixture, expanding the window by 1 V and the energy 
density by 150 %. In addition to solving the limited potential window, DFT calculations 
confirmed that the suggested mixture concentration also led to the highest capacitive 
performance compared to the single ILs. This investigation suggests that it may be possible 
to use DFT to calculate the optimum ionic liquid concentration for carbon electrode 
materials, eliminating time and cost associated with testing multiple mixtures. However, at 
this point, we have only shown this for nonporous electrodes, which removes the effect of 
the ion-pore size relationship. Commercial devices are typically made with high surface 
area porous carbon so the next step is to explore the possibility to apply this technique to 
these materials (i.e. CDC, AC), thereby revealing if ionic liquid mixtures can successfully 
increase the performance of commercial EDLCs.  
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Chapter 5: Complex Systems 
5.1 Understanding Pore Filling with Ionic Liquids 
5.1.1 Methods 
  For these experiments, two model carbide-derived carbon materials were chosen, 
based on their pore size distributions and specific surface areas. The first CDC was derived 
from SiC according to the parameters discussed in chapter three. The resulting porous CDC 
has a unimodal pore size distribution at a pore diameter of 0.8 nm and a specific surface 
area of 2200 m2/g (Fig. 5.1.1a). The second material chosen was derived from a different 
precursor, Mo2C, which resulted in a bimodal pore size distribution with values at 0.8 nm 
and 3.2 nm as well as a specific surface area of 1820 m2/g (Fig. 5.1.1a). These specific pore 
sizes are important to the exploration of pore filling due to the sizes of the different ions 
chosen for this study. In this case, the common EMIM-TFSI ionic liquid was used as the 
Figure 5.1.1 (a) The pore size distributions and calculated surface area for the two different CDCs, SiC-
CDC and Mo2C-CDC. (b) The three ions which make up the two different ionic liquids used, as well as 
their sizes in three dimensions.  
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baseline for this study, as it contains a cation and anion of roughly the same size, equal to 
the size of the small pore in the CDC PSDs. In comparison, an ionic liquid with a larger 
cation, HMIM-TFSI was chosen in order to the probe the resulting performance of the 
unimodal and bimodal CDCs when one of the ions is significantly longer than the 0.8 nm 
size in at least one dimension. The x, y, and z dimensions of the three ions used are shown 
in Figure 5.1.1b.  
 Electrochemical measurements were performed using a symmetric sandwich setup 
were used to explore the performance of both ILs in both electrode materials, where 
capacitance is calculated as a function of scan rate. Based on the results, molecular 
dynamics simulations of the small pore (micropore) and larger pore (mesopore) were 
Figure 5.1.2 Electrode capacitance as a function of scan rate for the two different CDC materials tested 
with the two different ionic liquid electrolytes. The unimodal SiC-CDC results are shown in blue 
(squares) and the bimodal Mo2C-CDC results are shown in red (circles). EMIM-TFSI (closed symbols) 
and HMIM-TFSI (open symbols) are compared for the two materials.   
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conducted to help explain the experimental data. These simulations were conducted as 
described in chapter 3, with a slit pore of two different sizes inside a bath of ionic liquid 
either with EMIM+ or HMIM+ cations.  
5.1.2 Results and Discussion 
 The capacitive performance for the four combinations of CDC material and ionic 
liquid are shown in Figure 5.1.2, including both the unimodal and bimodal CDCs tested 
with each of the two ionic liquids.  As shown by the closed symbols, the more symmetric 
EMIM-TFSI results in a slightly higher performance in the unimodal SiC-CDC electrodes 
(blue squares) than in the bimodal Mo2C-CDC electrodes (red circles). This effect is 
exaggerated at higher scan rates but in general, the pore size distribution has no strong 
effect when the ions are small enough to fit into both the micropores and mesopores of 
these materials. However, when we look at HMIM-TFSI (open symbols), where the cation 
is almost twice as long in one direction, we can see an interesting effect. In the bimodal 
CDC (red), HMIM-TFSI performs the worst out of all combinations, due to its higher 
viscosity and larger size. Similarly, at high scan rates in the unimodal CDC (blue), HMIM-
TFSI performs just as poorly, outperformed by both EMIM-TFI systems. However, when 
the scan rate is reduced below 20 mV/s, the HMIM-TFSI in the unimodal CDC displays a 
strong increase in performance above all other systems. At first, this seems counterintuitive 
since the larger cation paired with the smaller pores results in the highest performance. 
However, these results can be explained by the effect of the cation size on the allowed 
counter ion pore filling. Since this effect is only seen at low scan rates, it depends on the 
system having enough time to equilibrate, meaning the cation needs time to orient itself to 
fit correctly in the pore. If the charging rate is slow enough and this is possible, now the 
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pores are filled with cations that are almost twice as big as the anions and therefore fewer 
anions can be pulled into the pores to counteract the accumulation of positive charge. As a 
result, the pores have a higher cation/anion ratio and a better charge accumulation when 
the larger cation fills the pore.  
 While this hypothesis seems to explain the experimental results, molecular 
dynamics can provide a snapshot of the filled pores for these different systems, simplified 
into a single micropore and mesopore for comparison. We posed these questions to 
Matthew Thompson and Professor Peter Cummings from Vanderbilt University, experts in 
MD for carbon-ionic liquid interfaces. Figure 5.1.3 shows the pore filling for the two 
Figure 5.1.3 Molecular dynamics simulation images of ion filling into a charged pore. EMIM-TFSI is 
shown inside a (a) negatively charged micropore, (b) negatively charged mesopore, (c) positively 
charged micropore, and (d) positively charged mesopore for comparison.   
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different pores and the EMIM-TFSI electrolyte. Figure 5.1.3a and 5.1.3b indicate the ion 
layering for the micropore and mesopores, respectively, when the pore surface is charged 
negatively, attracting the cation. In the micropore, while the green EMIM+ cations are 
preferably adsorbed, they drag with them the TFSI- anion as well, shown by the almost 
50:50 pore filling of the two ions. In the mesopore, the same things occurs but since there 
is room across the diameter of the pore, a layering of cation-anion-cation occurs moving 
outward from the pore surface. Again, with these two ions of similar sizes, the dissociation 
of the two ions is not as clear as desired. Figures 5.1.3c and 5.1.3d reveal the ion layering 
when the pore surface is charged positively, attracting the TFSI- anion. In this case, the 
Figure 5.1.4 Molecular dynamics simulation images of ion filling into a charged pore. HMIM-TFSI is 
shown inside a (a) negatively charged micropore, (b) negatively charged mesopore, (c) positively charged 
micropore, and (d) positively charged mesopore for comparison.   
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behavior is reversed, with a higher percentage of red anions in the micropore and the 
reversed ion layering in the mesopores, as expected.  
 When the same simulation is performed, however, with the HMIM-TFSI 
electrolyte, the behavior is much more extreme. Figure 5.1.4a and 5.1.4b show the 
micropore and mesopore, respectively, when they are negatively charged, attracting the 
larger HMIM+ cation. As in the case of EMIM-TFSI, the cation is preferentially adsorbed 
on the pore surface in the micropore and mesopore but in this case, the larger cation size 
limits the number of counterions that can be pulled into the pores. Compared to Figure 
5.1.3a, Figure 5.1.4a appears to have fewer TFSI- present inside the micropore. Similarly, 
when comparing the two negatively charged mesopores, the larger HMIM creates a more 
cohesive layer at the pore wall, leaving little room for the anion layers to form. The larger 
ion size plays a role when the pore wall is positively charged as well (Fig. 5.1.4c and 
5.1.4d). In the micropore, it is much easier for the anion to adsorb into the pore, causing 
more HMIM+ cations to be excluded and a higher charge differential. The mesopore 
layering becomes less clear since the larger cations have room to follow the small anions 
to the pore wall. While these snapshot images are excellent for visual understanding of how 
the ion dynamics work in different confined geometries, a quantitative representation can 
help explain the experimental results described in Figure 5.1.2.  
 Based on the MD simulations of the ion filling inside the different pore geometries 
when charged positively and negatively, it is possible to count the density of cations and 
anions contained inside the pore at equilibrium (i.e. after charging occurs). Figure 5.1.5a 
shows the cation and anion densities for EMIM-TFSI in both pore sizes as the surface 
charge of the pore is varied. As expected, when the surface charge is 0, the cation and anion 
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densities are equal, regardless of the pore size. As the surface charge becomes more 
negative, the pores contain more cations (solid bars) than anions (open bars) and when the 
surface charge is positive, the opposite effect occurs. Because EMIM+ and TFSI- are close 
in size, this behavior is very symmetric for both the micropore (blue) and the mesopore 
(red). Figure 5.1.5b shows the same relationship for the asymmetric HMIM-TFSI 
electrolyte. Again, a surface charge of 0 reveals an even distribution of cations and anions 
for both pore sizes. However, it is in the negatively charged micropore that there is a change 
in the trend. Because the HMIM+ cation is larger, as seen in the visual snapshots, there is 
not as much room for anions to follow into the pore, shown by the very small number of 
anions in the micropore at a surface charge of -2. This suggests that by stripping the 
HMIM+ cations of their anions while charging the micropores, the charge differential can 
be increased leading to a higher capacitance. This can be even further quantified by taking 
the ratio of the ion densities as shown in Figure 5.1.5c. Shown here is the cation/anion ratio 
which sits at 1 when the surface charge is 0 for all four systems. EMIM-TFSI (closed 
Figure 5.1.5 Ion density of both cations and anions inside the pore as a function of pore surface charge 
for (a) EMIM-TFSI and (b) HMIM-TFSI.  Mesopore data is shown in red and micropore data is shown 
in blue. The cation values are indicated by solid bars while the open bars correspond to anion values. (c) 
Plot showing the ratio of cation to anion density inside the micropore (blue) and mesopore (red) at 
different surface charges.  
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symbols) yields a symmetric curve across the range of surface charges due to the symmetric 
nature of the ionic liquid. The HMIM-TFSI curve, however, exhibits a sharp increase in 
the cation/anion ratio at a large negative surface charge. This is representative of the high 
charge differential that occurs due to stripping of the anions during charging and can 
explain the experimental results shown in Figure 5.1.2. These results suggest that with a 
higher asymmetry between the cation and anion in an ionic liquid, the more exaggerated 
this behavior would become.  
5.1.3 Conclusion 
 Understanding the dynamics and behaviors of ionic liquid electrolytes becomes 
inherently more complex when pore structures are introduced compared to the model 
systems investigated in the previous chapter. Here, two important conclusions have been 
made. First, the performance of a certain electrolyte is related to both the features of the 
charging ion as well as the counter ion. While potentially slower and bulkier, a larger ion 
can have a positive effect on the capacitance by allowing the counter ion to be stripped 
from the pore and increasing the charge differential. This leads into the second conclusion 
that micropores, while sometimes difficult to access, have an important role in the 
capacitance due to their ability to restrict the counter ion from filling the pore as well. 
While mesoporous carbon has a more accessible surface area that can result in higher power 
densities, the capacitance of the system is limited due to the high number of ions of both 
charges that are able to fill the pores. While this is a simplified simulation to compare two 
different pore sizes, it is worth exploring the effect of having different pore sizes available 
in the electrode material to produce both high power and high energy performance.  
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5.2 Porous Carbon and Ionic Liquid Mixtures 
5.2.1 Methods 
To explore the effect of ionic liquid mixture in porous carbon electrodes, the same 
system of CDC materials and ionic liquids described in Section 5.1 were used. In this case, 
a symmetric sandwich cell was fabricated for both SiC-CDC and Mo2C-CDC with the 
following electrolytes: EMIM-TFSI, HMIM-TFSI, 1:1 ratio of EMIM-TFSI and HMIM-
TFSI. Results for these three systems are labeled as EMIM, HMIM, and EMIM/HMIM 
respectively. Additionally, an Ag wire pseudoreference was used in the symmetric cell to 
monitor the potential windows of each electrode during electrochemical testing. This was 
done in order to observe the symmetry of the ionic liquid electrolytes and how it changes 
for the 1:1 mixture.  
 
Figure 5.2.1 Electrode capacitance calculated from cyclic voltammetry as a function of scan rate for (a) 
SiC-CDC and (b) Mo2C-CDC symmetric devices. Results are shown for pure EMIM-TFSI (red), pure 
HMIM-TFSI (blue), and 1:1 EMIM:HMIM-TFSI electrolytes.  
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5.2.2 Results and Discussion 
 Electrochemical performance of the six different systems was analyzed using cyclic 
voltammetry and the calculated electrode capacitance for both materials is shown in 
Figure 5.2.1. Results for the pure ionic liquid systems are similar to those reported in 
Section 5.1, where the HMIM-TFSI yields a higher capacitance at low rates in the SiC-
CDC (Fig. 5.2.1a) and the EMIM-TFSI performs better across all rates in the Mo2C-CDC 
(Fig. 5.2.1b). Added to the plots, however, are the results for the 1:1 mixture of 
EMIM:HMIM-TFSI tested with both electrode materials. Interestingly, for the SiC-CDC 
(Fig. 5.2.1a), the mixed electrolyte appears to benefit from the presence of both cations 
across the range of scan rates. Since HMIM-TFSI is better at low scan rates and EMIM-
TFSI is better at high scan rates, the mixed electrolyte performs the best across all rates. 
This supports previous discussions that the presence of different ions can benefit the 
system’s performance in different ways. On the other hand, as the Mo2C-CDC is dominated 
Figure 5.2.2 Molecular dynamics simulation of four different pore structures: positively charged 
mesopore (top left), positively charged micropore (bottom left), negatively charged mesopore (top right), 
and negatively charged micropore (bottom right). The bath of ions includes a 1:1 mixture of EMIM-TFSI 
and HMIM-TFSI, where EMIM+ is green, HMIM+ is blue, and TFSI- is red.  
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by the large mesopore, the ion confinement does not play a role. Therefore, the smaller 
ions (EMIM-TFSI) yield a slightly higher performance due to the possibility of fitting more 
ions into the mesopore geometrically. As HMIM is larger, fewer ions can fit into the pore, 
reducing the amount of charge stored. The 1:1 mixture falls in between the other two curves 
as expected. However, it falls closer to the EMIM curve, suggesting that in the presence of 
both cations, the smaller EMIM possibly dominates the filling of the mesopores due to 
higher mobility. We can explore this a bit more with help from the Vanderbilt team using 
molecular dynamics. Figure 5.2.2 shows a snapshot of four different pore structures 
exposed to the mixed electrolyte and at equilibrium, where the pores on the left are 
positively charged (attracting TFSI-) and the pores on the right are negatively charged 
(attracting EMIM+ and HMIM+). The negatively charged mesopore exhibits the expected 
layering of cations and anions out from the pore wall. While the values are not quantified, 
it appears as though the EMIM+ ions dominate the first layer of cations, which is consistent 
with the mixed results for the Mo2C-CDC having similar values to pure EMIM-TFSI. 
Another important note is that the negatively charged micropore is very successful at 
stripping the anions and preventing them from entering the pore, perhaps because of the 
different sized cations working together. This creates a large charge differential which 
could explain the high capacitance of the mixture in SiC-CDC.  
 In addition to improving the capacitance of the system, the ionic liquid mixtures 
can also influence the potential window, in a similar way to that described in Chapter 4. 
Figure 5.2.3 shows the butterfly curves for the three different electrolytes tested with SiC-
CDC electrodes. While the anion operates at a larger window for EMIM-TFSI (Fig. 5.2.3a), 
the cation operates at a larger window for HMIM-TFSI (Fig. 5.2.3c). This asymmetry can 
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cause a limitation in the maximum potential window, as described in Chapter 4. However, 
the 1:1 mixture balances the voltage windows of the positive and negative electrodes 
(Fig. 5.2.3b). With optimization of the ideal mixture concentration, a perfectly symmetric 
device could be constructed and operated at a larger potential window.  
5.2.3 Conclusion 
 In addition to improving the capacitive behavior of certain porous carbons, we have 
shown that the potential window can be improved by simply mixing two ionic liquids 
together. This suggests that there is a relationship between the ions contained in the mixture 
and the pore structure that needs to be further investigated. As shown in these results and 
those in Chapter 4, in many cases there is an ideal mixture concentration of a given pair of 
ionic liquids and carbon electrode material. In some cases, finding this optimized mixture 
concentration can lead to a 30% increase in performance, something worth exploring for 
intelligent design of electrode-electrolyte pairings for capacitive systems.  
 
Figure 5.2.3 Cyclic voltammograms for cells assembled with SiC-CDC electrodes and the three different 
electrolytes including (a) EMIM-TFSI, (b) 1:1 EMIM:HMIM-TFSI, and (c) HMIM-TFSI. Operating 
potential window in all three systems is 2.5 V and both 5 mV/s and 10 mV/s scan rates are shown.  
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5.3 Model-Driven Design of Electrolytes for Porous Carbon Electrodes 
5.3.1 Methods 
 Once the concept of ionic liquid mixtures proved interesting for further exploration, 
we reached out to Justin Neal and Professor Jianzhong Wu from the University of 
California, Riverside who are experts in DFT modeling of ions in capacitive systems. The 
electrode material is modeled by a hard walled slit-pore of varying width containing a 
mixture of spherical ions as the electrolyte. A slit-pore is commonly used to model 
materials of varied pore size149 such as the carbide derived carbons considered here. The 
real porous electrode will have end effects and multiple pore geometries, however, the slit-
pore gives us insight into the effect of confinement on capacitance in our system 
(Fig. 5.3.1). For this system, the range of the pore width (H) was 0.33 to 2.675 nm.  
Figure 5.3.1 The slit pore model has the advantage of simplicity for understanding the ion mixtures in 
confinement. An electrostatic potential (Φ) is applied to the electrode, resulting in a surface charge 
density, Q.  
P a g e  | 86 
 
The electrolyte modeled includes a cation (+1) with a diameter of 0.5 nm and two 
anions (-1) of 0.3 and 0.5 nm. The size asymmetry between the anion and cation enhances 
the electro-chemical properties as well as the stability of the pore. These diameters are 
approximate to the real mixture of 1-ethyl-3-methylimidazolium (EMIM+), 
tetrafluoroborate (BF4-), and bis(trifluoromethanesulfonyl)imide (TFSI-) respectively. 
Although real ionic liquids have a distributed charge and an asymmetric shape (i.e. non-
spherical), this model accounts for the two governing features of confined ionic liquids in 
charged pores: geometric size and charge. The mixture of anions within the ionic liquid 
was defined by the mole fraction (x) of BF4- which ranged from 0 to 1. Ionic liquids are 
often preferred electrolytes for energy storage due to their stability at large potential 
(> 4.0 V )144 and therefore larger energy density (E α V2). A constant potential (Φ) is 
applied to the surface of the electrode and ranged from -1.5 to 1.5 V. 
Figure 5.3.2 Capacitance as a function of the mole fraction of the small ion (BF4-). Both (a) small pores, 
0.8 nm, and (b) larger pores, 2.67 nm, display an increase in capacitance when the small ion is added to 
the mixture. This is attributed to the decrease in Stern layer thickness. The maxima for the small pore is 
x = 0.15 and for the large pore is x = 0.25, which correspond to the optimum mixture concentration for 
these pore sizes.  
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Experimental measurements to confirm theoretical predictions were conducted 
with a typical symmetric sandwich type setup. The electrode material of interest was used 
as both the positive and negative electrodes and the device capacitance was calculated as a 
function of specific surface area of the material, which was determined by gas adsorption 
as described in chapter 3.  
5.3.2 Results and Discussion 
The addition of the small anion into an otherwise symmetric ionic liquid results in 
a large increase in capacitance (Figure 5.3.2). There are two separate capacitance levels: 
one with the pore only filled by the symmetric larger ions, and the other with the smaller 
anion included in the pore filling. As a result, there is an increase in capacitance as the 
Stern layer thickness decreases, which occurs with the presence of the smaller anion, 
selectively absorbed to the surface to the electrode. This decrease in the Stern layer 
thickness results in an increase in capacitance of ~30% which correspondingly yields the 
Figure 5.3.3 Ion density in the pore as a function of the distance across the width of the larger pore 
(2.67 nm) when 1.5 V is applied. (a) Without the presence of the smaller ion, the layering alternates as 
expected, with TFSI- at the positively charged surface. (b) When 0.25 mole fraction of BF4- is introduced, 
the smaller ion is selectively adsorbed closer to the surface, followed by the larger anion and then the 
layering continues.  
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same increase in energy density. A maxima exists for capacitance with respect to the mole 
fraction of the small anion (x) for small pores, near 0.15, and for larger pores, near 0.25 V 
when the surface potential is 1.5 V, shown in Figure 5.3.2a and Figure 5.3.2b, respectively. 
To explore the effect of this maxima, we can look at the ion layering in the larger pore as 
a function of distance across the pore width (Fig. 5.3.3). Figure 5.3.3a shows that when 
1.5 V is applied to the larger pore, the TFSI- anion covers the surface, followed by 
alternating cations and anions as expected. When 0.2 mole fraction of BF4- is added 
however, shown in Figure 5.3.3b, the first layer at the positively charged surface is made 
up of the smaller anions first and then the larger anions, a trend that continues throughout 
the layering toward to the middle of the pore.  It is proposed that an optimized mixture 
should exist for similar ionic liquids in a variety of different confined pore structures. 
Figure 5.3.4 Varying the pore size has an oscillatory effect on the capacitance, which changes based on 
the presence of difference sized ions. When the small anion is added, there is a change in amplitude as 
the Stern layer thickness decreases, forming a more stable layered ion structure.   
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Figure 5.3.4 confirms that the capacitance oscillates due to the layering of the ionic liquid 
in the diffuse layer of the pore, as the pore width increases. The oscillations, however, have 
different periodicity depending on the size of the anion. In addition, the mixture’s 
oscillation profile appears to mimic some features from both pure ionic liquids. When the 
pore size increases to accommodate excessive layers, the bulk behavior of the ionic liquid 
begins to form and the oscillations disappear.  
To test this model experimentally, several porous carbon materials were chosen to 
cover a wide variety of pore size distributions: SiC-CDC, Mo2C-CDC, AC, and OMC. For 
these materials, the experimental pore size distribution, calculated from nitrogen gas 
adsorption, is used to weight the capacitance of each pore size that makes up the PSD of 
each material (Figure 5.3.5), according to the following equation:  
Figure 5.3.5 Pore size distributions calculated from N2 gas sorption using the BET method for the 
different porous carbon materials used to test the predictive model. The various carbons include SiC-
CDC (blue), Mo2C-CDC (red), AC (black), and OMC (orange).  
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𝐶𝑚 =  ∫ 𝑃(𝐻) ∙ 𝐶(𝐻)𝑑𝐻 𝑃𝑆𝐷     (Eq. 5.3.1) 
where P(H) is the normalized probability distribution of a materials with respect to pore 
width H and C(H) is the capacitance calculated for a given pore size in the simple model 
explained previously. Cm is the expected value of capacitance which is calculated by 
integrating over the domain of P. To calculate the capacitance of the device, each 
electrode’s capacitance must be combined according to the following equation: 
𝐶𝑇 =  
𝐶𝑚+∙ 𝐶𝑚−
𝐶𝑚++ 𝐶𝑚−
     (Eq. 5.3.2) 
where the combination assumes the positive electrode (Cm+) and negative electrode (Cm-) 
are in series. These calculations can be used to generate a plot of expected device 
capacitance vs. mixture concentration as shown in Figure 5.3.6. As an example, this figure 
shows the device capacitance for the OMC material as a function of BF4 mole fraction 
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Figure 5.3.6 Theoretically predicted capacitance for a device made with OMC electrodes as a function 
of increasing mole fraction of EMIM-BF4 added to EMIM-TFSI. DFT results are shown as the black 
curve (circles). Three devices were experimentally tested to confirm the predicted values of the pure ionic 
liquids and ideal mixture concentration (0.2 mole fraction BF4), which are shown as red stars.  
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added to the EMIM-TFSI electrolyte (black curve). According to the results, adding only 
0.1 mole fraction of the small anion improves the capacitance by 30%. When tested 
experimentally, the values for the pure ionic liquids and the ideal mixture are not far from 
the DFT predictions, suggesting that it is relatively accurate for predicting the optimum 
ionic liquid mixture concentration for a given material PSD. For the first time, this model 
gives simulation the power to accurately predict experimental capacitance taking into 
account specific features like potential, ionic liquid mixture, and pore size distribution.  
5.3.3 Conclusion 
 From this model, we can begin to design a method for calculating the optimum 
ionic liquid mixture concentration for a given electrode material. This is extremely 
beneficial for newly synthesized materials to save experimental time that would be needed 
to screen different electrolytes. Importantly, adding only 0.1 mole fraction of the smaller 
anion can increase the capacitance by 30%, something which could be investigated and 
optimized further. The model relies on the accuracy of the pore size distribution analysis 
which in some cases is a difficult characterization technique. However, as our 
understanding of pore size and surface area increases, models such as this will become 
more accurate for predicting capacitive performance. Future work for this model will be 
focused on improved weight contributions for each slit pore to include empirical pore 
effects seen in more complex experimental systems. A study of symmetric cations is also 
being considered in preparation for an anode/cathode energy storage device with up to four 
ionic liquid species. 
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5.4 Conclusions of Complex Systems 
 The complex systems explored were specifically chosen because of the questions 
we hoped to answer with the results. While porous carbon complicated the electrolyte-
electrode relationship significantly, it also creates a more dynamic and interesting system 
for study. Based on the results, micropores serve an important role in the capacitance of 
porous carbon because they are most successful at stripping away the counter ion, a 
seemingly important feature for high capacitance. Ionic liquid mixtures can take advantage 
of the benefits from both ILs contained in the mixture, improving the capacitance and/or 
rate performance of the system. In addition, mixtures can balance the asymmetric potential 
windows, expanding the operating window and increasing the energy density. Finally, 
moving beyond carbon with a specifically chosen PSD, it is possible to predict the optimum 
mixture concentration given the experimentally measured PSD of a porous carbon. This 
can be useful for screening potential electrolytes and mixtures as well as for the 
development and testing of new materials. It may be possible to calculate the ideal 
electrolyte mixture for a new material, thereby skipping tedious comprehensive 
experimental testing of all possibilities. While improvement is still possible, this could be 
a vital tool for model-driven design of new and optimized supercapacitor systems.  
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Chapter 6: Conclusions and Future Research 
Directions 
This dissertation has addressed some of the fundamental questions in the field of 
capacitive energy storage, specifically for carbon supercapacitors with ionic liquid 
electrolytes. A variety of conclusions can be made, both about the performance of ionic 
liquid electrolytes in supercapacitors and about the relationship between these electrolytes 
and the electrode at the interface. Specifically, the following notable conclusions can be 
made: 
1. Ionic liquids exhibit a performance in supercapacitors that is consistent with the 
performance of the more traditional electrolytes typically used. Specifically, given 
a highly accessible surface area SWCNT aerogel electrode material, a power 
density of 100 kW/kg is possible even with the bulky, more viscous EMIM-TFSI 
ionic liquid. This system exhibits high rate performance and long-term stability, 
especially compared to previously studied systems involving porous AC or CDC 
electrodes. Results suggest it is work pursuing ionic liquids at potential electrolytes 
for supercapacitors.  
2. The size of the ions that make up the ionic liquid has an effect on the performance 
and stability of the system which was investigated using three ionic liquids: EMIM-
TFSI, HMIM-TFSI, and BMIH-TFSI, in order of increasing cation size.  As the 
size of the cation increases, the capacitance decreases and the ionic resistance 
increases. However, all three ionic liquids with different cation sizes exhibit an 
improved performance at 60 °C. It is important to note that this size dependence 
was observed onion-like carbon electrodes, meaning the surface area was highly 
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accessible to any sized ion. Therefore, the decrease in capacitance could be due to 
the reduced number of ions that can fit on the surface for larger ion sizes.  
3. By investigating the behavior of the two electrodes separately, it has been shown 
that the cations and anions of a pure ionic liquid (EMIM-TFSI) exhibit different 
behaviors when used in a symmetric supercapacitor. As a result, the operating 
potential window is limited by the ion that yields the worst capacitive performance 
(EMIM+ in this case). An asymmetric charge storage in the two identical electrodes 
leads to a lower operating potential window and as a result a lower energy density. 
By using a mixture of two ionic liquids (same cation, different anions, namely TFSI- 
and BF4-), a balanced charge storage can be achieved, resulting in an increased 
operating potential window (3.5 V instead of 2.5 V).  
4. The ionic liquid mixture can be modeled for further understanding using classical 
density functional theory. For the specific system tested experimentally, including 
the nonporous onion-like carbon electrode, the theory can predict the optimal IL 
mixture concentration found by experiment, using EMIM-TFSI and EMIM-BF4 as 
the mixed electrolytes. There is good agreement between the predicted and 
experimentally measure capacitance values as a function of mixture concentration, 
which suggests that this model can be extended to other ionic liquids in a similar 
manner.  
5. Porous structures add a level of complexity to understanding the relationship 
between the ionic liquid electrolytes and the carbon electrode. While previous work 
has shown that the ion size and pore size relationship is important for optimizing 
the capacitance, further experiments using carbide-derived carbon electrodes 
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suggest that the reason for this is due to the importance of stripping the counter ion 
during charging. Therefore, a larger and potentially slower ion (HMIM+) can result 
in a larger capacitance because the counter ion is unable to be pulled into the pore 
with it, leading to a larger charge differential. Micropores, while difficult to access 
in some cases, are better suited for this ion-stripping process and therefore are 
important for the high capacitance values of porous carbon.  
6. Given a porous carbon with defined pore sizes, such as CDC, a mixture of ions can 
result in a better capacitive performance than the pure ionic liquids alone. The 
benefits of both cations, for example, can be observed in the mixture, such as 
improving the capacitive performance across all scan rates instead of only certain 
regimes. In addition, just like in nonporous carbon, the mixture can be used to 
balance the asymmetric voltage windows caused by the cation and anion 
differences. This can lead to an increase operating potential window and a higher 
energy density, in addition to the already improved capacitance.  
7. From the series of preliminary experiments, we have developed a DFT model to 
calculate the optimum ionic liquid mixture concentration for any given electrode 
material, specifically for mixtures of EMIM-TFSI and EMIM-BF4. By modeling 
the electrode as a linear combination of specific pore sizes and varying the 
concentration of the mixture, the exact concentration that leads to the maximum 
capacitance can be predicted. In the tested systems, adding 0.1 mole fraction of a 
smaller anion can increase the capacitance by 30%, a significant value that suggests 
further pursuit of the ion dynamics in ionic liquid mixtures.  
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Based on these conclusions, there are a few directions that this field of research could 
explore further. On one hand, it appears that ionic liquid mixtures can benefit capacitive 
performance in a number of ways. However, from electrochemical characterization and 
molecular dynamics, we can only estimate the behavior of the ions when they are forming 
the double layer. Other techniques that can probe this process of pore filling and double 
layer formation when there are multiple ions present could be valuable for further 
understanding, specifically in situ techniques such as neutron scattering or NMR that allow 
the device to be imaged while charging. On the model-driven design side, this tool could 
be further improved and developed, as could the techniques for measuring PSD which is 
the driving force for the model. A more accurate way to insure that the PSD and calculated 
surface area are accurate to the material could allow a closer approximation to the 
experimental values. If improved, this type of tool could be used to skip many experimental 
steps in designing and testing new supercapacitor devices based on novel materials, which 
is, of course, the future of energy storage.  
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• Mentored undergraduate students and small teams to complete various projects 
• Main Thesis Project: Designing electrolytes based on ionic liquid mixtures to optimize the 
performance of cheap commercial carbon electrode materials 
• Supercapacitor projects: 
• Examining ion partitioning of multiple ions into carbon materials with different pore 
sizes 
• Application of ionic liquid mixtures to balance and expand the potential window of 
supercapacitors 
• Participating in SBIR Phase II for micro-supercapacitors with applications at extreme 
temperatures 
• Ionic liquid intercalation and pre-intercalation into 2D layered carbide materials 
(MXenes)  
• Li-ion battery projects: 
• Pillaring of ions of different sizes to increase intercalation of lithium ions between 2D 
layered materials 
• In-situ Raman spectroscopy to look at intercalation potentials of V2C as an anode in 
lithium half cells 
Haverford College (2009-2012) 
• Presented senior thesis at APS March Meeting (2012)  
• Three summer research internships (’09, ’10, ’11) 
• Project #1: Study the environmental effects on the photoconductivity of porphyrin 
nanorods (published) 
• Project #2: Rebuild evaporator for Au/AuPd evaporation onto Si substrates for electrical 
testing of nanorods 
• Project #3/Senior Thesis: Explore the apparent solar-cell effect in organic self-
assembling porphyrin nanorods 
 
 
Honors and Awards  
• College of Engineering Outstanding Promise Award (2017) 
• Materials Science and Engineering Volunteer Leader Award (’16, ’17) 
• National Academy of Engineering Grand Challenges GAANN Fellow (2014-16)  
• Materials Research Society Fall Meeting Best Poster Award Boston, MA (2016) 
• Koerner Family Award Recipient (2015): One graduate student in MSE department 
• Drexel Alumni Association Outstanding Student Award (2015): One Drexel grad student 
• Drexel College of Engineering Carleone Endowed Fellowship Winner (2014) 
• Materials Research Society Spring Meeting Best Poster Award San Francisco, CA (2013)   
 
Leadership and Professional Activities  
• Vice President of Academic Affairs:  Drexel Graduate Student Association Executive Board, 
Grad College (2016-Present)  
• Student Ambassador: Materials Res. Soc. University Chapters Committee                                                     
(2015-Present)  
• President: Alpha Sigma Mu Materials Honor Society                                                       
(2015-Present)  
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• President: Materials Research Society Drexel Chapter                                                                     
(2013-Present)  
• President: Drexel Materials Science Graduate Network (MaGNet)                                            
(2014-2015)  
 
Selected Publications among 17 Peer-Reviewed Journal Articles, 1 Book Chapter  
  
Van Aken KL, et. al. Formulation of ionic-liquid electrolyte to expand the voltage window of 
supercapacitors. Angew. Chemie Int. Ed. 2015;54(16):4806.    
Van Aken KL, et. al. High rate capacitive performance of single walled carbon nanotube aerogels. 
Nano Energy. 2015;15:662.   
  
Van Aken KL, et. al. Effect of cation on diffusion coefficient of ionic liquids at onion-like carbon 
electrodes. J of Phys: Cond. Matter. 2014;26(28):284104.  
Van Aken KL. The critical role of creativity in research. MRS Bulletin. 2016;41(12):934-938.  
 
Outreach, Service, and Management  
• Drexel Graduate Student Conference Founder/Co-Chair: Launch of new day-long conference 
for graduate students to present research, participate in professional development workshops, 
and gain networking experience 
• Special Demonstration Leader: Organized workshop series for 2000+ children and families at 
Philly Materials Day and 30 Students at Drexel Materials Camp (2012-Present)  
• Science Saturdays Program Founder/Organizer: Launch of a new outreach program for high 
school students to attend lectures/demos each Saturday for 8 weeks (2014)  
• Head Coach: Drexel Women’s Club Soccer (2012 – Present)  
• Assistant Coach: Haverford College Women’s Varsity Soccer (2014 – Present) 
 
Full Publication List 
1. Van Aken KL, Beidaghi M, Gogotsi Y. Formulation of ionic-liquid electrolyte to expand the 
voltage window of supercapacitors. Angew. Chem. Int. Ed. 2015; 54(16):4806-4809. 
2. Van Aken KL, McDonough JK, Li S, Feng, G, et al. Effect of cation on diffusion coefficient of 
ionic liquids at onion-like carbon electrodes. J Phys.: Cond. Matt. 2014; 26(28):284104. 
3. Li S, Van Aken KL, McDonough JK, Feng G, Gogotsi Y, Cummings PT. The electrical double 
layer of dicationic ionic liquids at onion-like carbon surface. J. Phys. Chem. C. 2014; 118(8):3901-
3909. 
4. Zhao M-Q, Ren CE, Ling Z, Lukatskaya MR, Zhang CF, Van Aken KL, Barsoum MW, Gogotsi, 
Y. Flexible MXene/carbon nanotube composite paper with high volumetric capacitance. Advanced 
Materials. 2015; 27(2):339-345.  
5. Van Aken KL, Perez CP, Oh Y, Beidaghi M, Jeong YJ, Islam MF, Gogotsi Y. High rate capacitive 
performance of single-walled carbon nanotube aerogels. Nano Energy. 2015; 16: 662-669.  
6. Lian C, Liu K, Van Aken KL, Gogotsi Y, Wesolowski DJ, Liu HL, Jiang DE, Wu JZ. Enhancing 
the capacitive performance of electric double layer capacitors with ionic liquid mixtures. ACS 
Energy Letters. 2016; 1:21-26. 
7. Sang X, Yu X, Lin MW, Alhabeb M, Van Aken KL, Gogotsi Y, Kent PRC, Xiao K, Unocic RR. 
Atomic defects in monolayer titanium carbide (Ti2C2Tx) MXene. ACS Nano. 2016; 10(10):9193-
9200. 
8. Lin Z, Barbara D, Taberna PL, Van Aken KL, Anasori B, Gogotsi Y, Simon P. Capacitance of 
Ti3C2Tx MXene in ionic liquid electrolyte. Journal of Power Sources. 2016; 326:575-579. 
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9. Byeon A, Glushenkov AM, Anasori B, Urbankowski P, Li J, Byles BW, Blake B, Van Aken KL, 
Kota S, Pomerantseva E, Lee JW, Chen Y, Gogotsi Y. Lithium-ion capacitors with 2D Nb2CTx 
(MXene) – carbon nanotube electrodes. Journal of Power Sources. 2016; 326:686-694. 
10. Xie X, Makaryan T, Zhao MQ, Van Aken KL, Gogotsi Y, Wang G. MoS2 nanosheets vertically 
aligned on carbon paper: a freestanding electrode for highly reversible sodium-ion batteries. 
Advanced Energy Materials. 2016; 6:1502161.  
11. Byeon A, Boota M, Beidaghi M, Van Aken KL, Lee JW, Gogotsi Y. Effect of hydrogenation on 
performance of TiO2 (B) nanowire for lithium ion capacitors. Electrochemistry 
Communications. 2015; 60: 199-203. 
12. Jackel N, Kruner B, Van Aken KL, Alhabeb M, Kaasik F, Gogotsi Y, Presser V. Electrochemical 
in situ tracking of volumetric changes in two-dimensional metal carbides (MXenes) in ionic liquids. 
ACS Applied Materials & Interfaces. 2016; 8(47); 32089-32093. 
13. Osti NC, Van Aken KL, Thompson M, Tiet F, Zhang P, Jiang DE, Dai S, Cummings P, Gogotsi Y, 
Mamontov E. Solvent polarity governs ion interactions and transport in a room temperature ionic 
liquid. Journal of Physical Chemistry Letters. 2017; 8(1); 167-171.  
14. Van Aken KL, Maleski K, Mathis TS, Breslin JP, Gogotsi Y. Processing of onion-like carbon for 
electrochemical capacitors. ECS JSS Focus Issue. 2017; 6(6): 1-6. 
15. Neal JN, Van Aken KL, Gogotsi Y, Wesolowski DJ, Wu J. Self-amplified surface charging and 
partitioning of ionic liquids in nanopores. Physical Review Letters. (Accepted) 
16. Smolin YY, Van Aken KL, Boota M, Soroush M, Gogotsi Y, Lau KKS. Engineering ultrathin 
polyaniline in micro/mesoporous carbon supercapacitor electrodes using oxidative chemical vapor 
deposition. Advanced Materials Interfaces. 2017; 4(8): 1601201. 
17. Alhabeb M, Beidaghi M, Van Aken KL, Dyatkin B, Gogotsi Y. High-density freestanding 
graphene/carbide-derived carbon film electrodes for electrochemical capacitors. Carbon. 2017; 
118: 642-649. 
18. Van Aken KL, Gogotsi Y. Recent Developments and Prospects of Nanostructures Supercapacitors. 
Nanotechnology for Energy Sustainability. Wiley-VCH Verlag GmbH & Co. KGaA, 2017: 391-
404.  
 
Additional Publication 
Van Aken KL. The critical role of creativity in research. MRS Bulletin. 2016; 41(12):934-938. 
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Appendix A: Abbreviations 
EC      Electrochemical Capacitor 
SSA      Specific Surface Area 
CV      Cyclic Voltammetry (Voltammogram) 
EDLC      Electric Double Layer Capacitor 
AC      Activated Carbon 
OLC      Onion-Like Carbon 
(SW)CNT     (Single-Walled) Carbon Nanotube 
PC      Propylene Carbonate 
ACN      Acetonitrile 
RT(IL)      (Room Temperature) Ionic Liquid 
BF4      Tetrafluoroborate 
TFSI      bis(trifluoromethylsulfonyl)imide 
OPW      Operating Potential Window 
E0V      Potential of Zero Voltage  
EMI/EMIM     1-ethyl-3-methylimidazolium 
DSC      Differential Scanning Calorimetry 
(SiC-)CDC     (Silicon Carbide) Carbide-Derived Carbon 
(Mo2C-)CDC     (Molybdenum Carbide) Carbide-Derived Carbon 
HMIM      1-hexyl-3-methylimidazolium 
BMIH      1,6-bis(3-methylimidazolium-1-yl) 
GC      Galvanostatic Cycling 
EIS      Electrochemical Impedance Spectroscopy 
BET      Brunauer-Emmet-Teller 
CDFT      Classical Density Functional Theory 
MD      Molecular Dynamics 
PZC      Potential of Zero Charge 
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